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Preface

Accurate predictions of the signal to noise ratios that will

cause an Amplitude Comparison Monopulse Radar to break angle tracking

lock, are at present, not available. This thesis models the

Amplitude Comparison Monopulse Radar in terms of a tracking loop

using the Maximum Likelihood Criteria. From this model, probability

density functions are desired for the estimated angle off boresight.

A criteria for predicting break lock is derived from the probability

density functions.
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Abstract

An amplitude comparison monopulse radar is modeled using

additive channel and system noise to the received signals. The

amplitude of the incoming signal and the angle off boresight are

estimated under the Maximum Likelihood Criteria. An ensemble of

estimates of the angle off boresight are used to derive probability

density functions for the estimate angle off boresight. From these

probability density functions, a criteria for predicting breaklock

is derived.
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I INTRODUCTION

Background

Accurate predictions of the signal to noise ratios that will

cause an Amplitude Comparison Monopulse Radar to break angle tracking

lock, are at present not available. To enable accurate predictions to

be made, probability density functions for the estimated angle off

boresight need to be derived for various signal to noise ratios.

Techniques for analysis and prediction of break lock for Phase

Lock Loops have been developed and well documented (References 11 and

12). Also, the analysis of a Phase Lock Loop system modeled under

Maximum Likelihood Estimate Criteria for simple estimation problems,

has been documented (Reference 11).

The Amplitude Comparison Monopulse Radar has been modeled under

an approximation to the Maximum Likelihood Criteria by Bakut (Refer-

ence 1). Bakut shows how all system noise and channel noise can be

lumped to one normally distributed noise source which is additive to

the received signal.

Cohen and Steinmetz (Reference 3) have modeled the antenna

functions of the Amplitude Comparison Monopulse Radar as the sum of

sines and cosines but this is an approximation of the antenna pattern

within the 3db beam width.

Objective

To gain accurate probability density functions of the angle off

A
boresight estimate (8), an accurate model of the radar needs to be

derived. The antenna functions are to be modeled without any

approximations. The radar will be modeled under the Maximum Likeli-

hood Estimate Criteria. A discrimination model to convert error

, ,ii i l i l 1



voltage to angle estimate off boresight is to be modeled. The

resulting tracking loop probability density functions of the angle

estimate with their relevant mean and variances are to be plotted.

Assumptions

The scope of this thesis was restricted by the following

assumptions in relation to, the noise, the radar platform, the radar

model and the target movement.

The noise is assumed to be white gaussian distributed noise. As

the noise is additive to the sum and difference channels of the radar

it is also assumed to be independent from pulse to pulse and from

channel to channel.

The model is restricted to one dimension only and total de-

coupling from a second dimension is assumed. In deriving the model,

noise is assumed to be zero mean as well as white independent

gaussian distributed. The radar platform is assumed stationary and

consequently eliminates modulation of the radar input due to platform

movement.

The target is assumed to have two separate movements; stationary

and a constant velocity. When the target is assumed to be stationary,

then this also includes the case where the radar is tracking a

target which is moving slowly in relation to the total number of

pulses integrated.
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II MDEL OF AMPLITUDE COMPARISON

MONOPULSE RADAR

General

Through the use of two (minimum number) offset antennas,

Figure 1, an Amplitude Comparison Monopulse Radar provides range and

angle information. The range information is derived from the signal

return delay. Angle information is derived by comparing the addition

and subtraction of the return signal's output from the two offset

antenna, and then estimating the angular error of the target to the

antenna system boresight axis. The general block diagram of an

Amplitude Comparison Monopulse Radar is shown in Figure 2. J

Figure 1. Offset Antenna Configuration

. I



Figure 2. General Block Diagram of Amplitude Comparison Monopulse

Radar

Noise

To account for system noise and channel noise, noise is lumped

and modeled as independent gaussian, zero mean and added independently

to the sum channel and difference channel to form the X signals. The

input signals to the estimator, the XE(t) and M (t) signals contain

amplitude, range and angle off system boresight information and are

modeled as follows:

9 Wt - AgE(O)S(t+r1  + nE(t)

X6(t) - Ag6(6)S(t+T + nA(t)

Received Signal S~t+T)

As this thesis is concerned primarily with angle tracking the T

(range estimate) problem will be ignored. This consequently enables

the S(t+u) portion of the X signals to be evaluated as S(t). There-

4



fore, the X signals become:

XE(t) - AgE(B)S(t) + nE(t)

XA(t) - Ag&(B)S(t) + nA(t)

The A component bf the received signal is a random process of un-

known density. The S(t) signal will be modeled in two methods.

(1) As a transmitted pulse of unit energy with the

received function constant

1

S(t) = u(t) O<t<T

0 else

This represents a return from a stationary target.

(2) As a transmitted pulse of unit energy with angular

movement and, consequently, the received antenna

functions as a function of 0(t)

1s(t) - u(t) O<t<T

0 else

0(t) = Pt + Q

Where P is the rate of change and

Q is the starting angle.

In both cases the amplitude of the incoming signal A is the

random variable.

The typical pulse duration of a monopulse tracking radar is

0.2ps. To aid in the computer implementation of the radar model,

the pulse has been scaled to 20ms with all other timing scaled

5
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accordingly.

S(t); 0 < t < 2Oms.

Antenna functions gE(e), gA(O)

A pencil beam of 7.50 for each antenna was assumed. To create

the pencil beam pattern, a square aperture with uniform aperture field

distribution was also assumed. A representation of the field is

Figure 3.

A

.2

Ea Eo/x/<a;(y)<b

0 else

Figure 3. Square aperture with uniform aperture field distribution

The fourier transform (Reference 4) of this aperture field

gives the function ft. as:

ft x 4abEo sin (koa _sin 8 cos $) sin (kob sin 8 sin 4)
(koa sin 8 cos $) (kob sin 8 sin )

In the far field,
-- ko -i kor

E(r) 1J r e * cos 8sin 0(-fx) + 8 fx cos

+Jko e kor fx cos 8 + fx cos 8 sin 0

6



-ikor
.2wr fx Cosj -ecos e sin €

4abEo sin [koa sin Q cos sin Ekob sin Q sinfx - koa sin e cos kob sin 0 sin

in € = 2' plane;

f a 4abEo sin (kob sin 0)
kob sin e

and;

E(r) - koe-Jkor fx Cos e
where 3 = ;

2v2

for the high gain antenna case;

Et ___ - J k r 4abEo sin (kob sin 0)
2wr kob sin 0

Normalizing for E(o);

. sin kob sin
E(o) kob sin6 (1)

The normalized radiation pattern for each antenna is

Figure 4.

7



E9 (0)

Figure 4. Normalized radiation pattern for each antenna 3db

beam width is assumed as 7.5

Therefore,
.77=sin (koa sin 3.750)

.707 = si3: -'koa sin 3.75-

.707= sine (koa .0654)

This gives koa - 13.68747

koa - 43.0003097 (2)

The two antennas form relative main radiation beams as in

Figure 5. The two antenna boresight axes have a separation of d.

For this analysis both beams will be referenced to the antenna

system boresight axis.

8



IE e o) I

d~4-

.d 4_1

2 2

Figure 5. Relative Antenna A and B main radiation beams

From Equation 1

Antenna A E0 sin koa sin (0 + ) (3)

Anena E sin Ikoa sin (e
Ee (0) koa sin (e (4)

If the separation between the two lobes A and B is small
d

compared to the focal length, then squint angle A can be computed

approximately from the antenna parameters (References 3 and 6) by

the following:

d -Kp tan- 1 n
f

d =.6ta-1 .4d.5 .6 tan 46

9



- 2.475

d .1.2375 0 (5)

-0.0216 rad

Kp is a constant which is a function of the size and shape of the

reflector and aperture 0.6 (References 3 and 6); n =distance

between centers (40 cms); f = focal length (5.5m)

Antenna function SZ (G)

gE(B) = A + B

from equation 4 and 5

=sin [koa sin( + d)j sinkasn( ]
koa sine + Vkoa sin~6- 6

This produces a radiation pattern as Figure 6.

g4 ~ ~ (e A
from ~ ~ eqato 4co an

si )] sn[kasi~

ko sin e
ga~e) -

(7

ko si( o sne A2

10~



This produces a radiation pattern as Figure 7.

Figure 7. Radiation pattern for g&(e)

Estimator e

At this point in the Monopulse Radar, (output of the I.F.

section, input to the estimator), the information signals are the

XZ(t) and XA(t) signals.. From these two signals e, (angle the target

is off boresight), must be estimated.

A way of estimating e is to maximize the a posteriori density

of pe/f(XE, XA, a) (0/f(XE, M~, A)), (References 10 and 11), as in

Figure 8. If the maximum is interior to the allowable range of e

and In pO/f(XE, XA, a) (0/f(XE, XA, A)) has a continuous first

derivative then a condition for a maximum can be obtained by differen-

tiating In p e/f(Xz. XA, a) (0/f(XE, MA, A)) with respect to e and

setting.the result to zero.

alnp e/f(XE, M, a) (0/f(XE. XA. A)), - 0
0 - 6 (f(XE, XA, A)

11
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A

Figure 8. An a posteriori density

Let f(XE, XA, A) = Y

From Bayes Rule (Reference Van Trees)

pe/y (e/Y) = Y/e (Y/e) (0)

Therefore,

in pe/y (elY) - in y/B (Y/e) + in e(e) - lny (Y)

As the main point of interest here is to find the value of 0

where the left hand side is maximum, the lastterm on the right hand

side is not a function of 0 and can be ignored.

Therefore, to maximize the a posteriori density In e/y (e/Y),

need only maximize;

lnp y/e (Y/0) + in 6 (6)

Nothing is known about the a priori knowledge of e(e) and therefore

if this is assumed to be a uniform distribution within the range of 8

then the a priori knowledge is a constant K.

B ln K - 0

De

12
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Therefore, to maximize in I'y (e/Y) is equivalent to maximizing

in y/e (Y/).

Therefore,

alrp ely (elY) B lrp Y/A (YlE)
ae e -eOL(Y) DO e =e ML(Y)

This is refered to as the Maximum Log Likelihood Estimation

of 6

Blrpy/e (Y/e) = 0

30 e L (Y)

This estimation of e will now lend itself to a form of tracking

loop as demonstrated by Verterbi (Reference 11).

The probability density of the noise, (Ni(t), i = 1, A) is

known, (independent, white, zero mean, gaussian with identical

independent variances V), and therefore, the joint probability

density pf(7(t), XA(t)/a,e) (f(XF(t), MS(t)/A,O) can be derived.

The Gram Schmidt or Logonalization procedure (Reference 8)

was used for this derivation.

Gram Schmidt Orthogonalization Procedure

As Ni(t), i - Z,A), are independent white gaussian noise

with independent identical variances then the noise can be represented

(Reference 8) as;

n(t) Z Ni~i(t)

i-l

Where *i(t) is any complete orthonormal set over the interval

O,T and the Ni are independent random variables with variance V

as Ni(t), (i - ZA) are white and independent with independent

variances

V NO2

13



Also expanding x(t) on the same basis set

X(t) - !Xi~i(t) for 0 < t < T
i-1

and as XE(t) - AgE(e)S(t) + NM(t)

XA(t) - AgA(e)S(t) + NM(t) then;

XE(t)oi(t)dt and NEi _ NZ(t)i(t)dt

X A(t)oi(t)dt and NMi = N(t)oi(t)dt0 0

2
Let o(t) = S(t) E= BT

B1I

= S(t)

T

XKE AS(t)gE(O)S..§ dt + N(t)S(t)dt

AgE(6) ? S2 (t)dt + NE

E 01

AgE(e) E + NE1  (8)

Similarly for XA

X& = AS(t)gA(6)S(t)dt + NA(t) S(t)dt

XA1  = AgA(6) ,/- + NA (9)

Statistics of XZ and Xi

XEi and Xi are both the sums of deterministic signals and

gaussian random variables. Consequently, both XEi and XAi are

gaussian.

14



E [NEJ E NE S (t) dt - 0

E [NYAt] E [NA (t)] S (t) dt - 0

Var NZ E 77 NZ(t)NE (t) 5(g) dt dl]

No
2

Similarly

Var [NA EL [ T NA(t)NA(1) S(t) S(j) dt d.I]

- ~ S (2.7 st)dt
0

No

E xE /0,A] = E [Agl:(6),-'-E + E [iNTjj (10)

= AgE (0) ,/fF
E [X Ej= E [AgA(e)trEj + E [NAJ(1

= Ag&(O) f-E

Var [xE /eAj = E [(AgE(e) ,JEF + NZ - g(O E)

=E[(AgE (6) /1 ff) 2+ 2AgE(O) E-4(Z 1)2

(AgE (0) Ir- 2

= (AgE (8) IrE) 2 + No (AgE (e) rtE)
2

No
2



Similarly Var XMi/),A N o
2

XE- AgZ(6)t/, + NZ

X AgA() r' + NA

(At this stage, analysis will refer to first pulse only.)

Where the NE and NA are independent and identically distributed
No

gaussian random variables with mean zero and variance 1-. The joint

density function (f(XE, XA)/O,A) is given by

p (f(XZ, XA)/0,A) = (Xi/0,A) i = EAi

1 p (XZAgE(6)/E)2 +(XAAgA( )_ /-)2 1
= I [x -2 +

K exp - (.X -Ag-(8) AE- ) 2 + (XA-AgA ) - E 2)2

o 2No

Maximum Likelihood Estimator

p (f(XZ, XA)/E,A) can be maximized by setting the partial

derivative of p (f(XZ, XA)/O,A) with respect to 6 to zero.

The partial derivative of (f(XE, XA)/0,A) will be aided if

first the ]np (f(XZ, XM)/O,A) is found.

lnp(f(XE, XA)/O,A) = InK -

(XE-AgE(e) )2 + (XA-AgA(e) /- )2

No

FlnK - XZ2 -2XXAgE (e) /E + (AgZ(6) AE)2No

XA2-2XAAgZ(8) / + (AgA(B) A)2

No

1 2 _ 2 2 2 2(0)12
inK- XZ2+XA -2At/(g(e)XZ+gA(e)XM) + EA (gE (M)+gA2(e)) (12)

No

lnp(f(XE, XA)/A,E) = -2A E(XEgE(0) +XgA ()) +

2EA (g(O)g.(8) + gA( ) ()

16



No L - (XEgE(e)+xMgA(e)) + EA(gZ(O)gZ(O) +

gA(e) We)

Set

ae

Therefore,

i- np (XE )/, - - Xg()+ X~AB)+

EA(gZ(e)gE (e)+gA(e)&A(e))

-0

Therefore;

X~gE(e) + XAgA&(e) =EA(gZ(e)gE(e)+gA(e)gA(e)) (13)

and

I np (fXZ, XLA)/A,G) [2 - o E(gZ(O)XE+ gA(O)XA) +

2 g2(8)
2EA(gZ (e) + ()

setting jInp (f(XE,Xex)/A,O) -0

Therefore;

2 E(glE(O)XE+ gtA(e)XA) 2 EA (gE (8) + g'& (0)) '

A - (gz(e)xz+gA8)Mt) (4

E(gE 2 (6 + gA (0))
Substituting equation 14 into equation 13;

x4jE(e) + XgjA(O) - (g~)Eg()A(E(~rO+AOi()
(g2 (0) + gA (2)

[xz ilE(e) +AA (03 [gZ2(0)I.gA2(e)J [gz (e) xi:+gA(e)X~ [t] rE 0 g(e) +

17



Expanding;

[gE 2(emnir(e) + gA(e)X~gE(e)g1(e) + gE(e)XEgti(e)gA(e) +

g2 A e .1e

[gE (6)gz(e)xlr .. A(e)XAgE2 (e) + g2 A~~Z6X_;&6gA8M

Therefore, after cancellation;

gA(e)gz(e)jE(e)xA + ;A(8))gE(e)gA(8))x - ib g2 Zem+

g 2A(e);Z(O)X

Collecting like terms;

(U(egrWegW() - gA 2 (O)iE(e))n - - (()gz(6)gA(8)-

=g 2 g()Z(O)g())

gW()X - - gz(O)XA ~~)A8
- (gE(O)gA(6)-gE(O)90A(e))

Therefore;

g&O = gE(6)X&

and f or the maximum likelihood estimate of e

-A =9 E g(e)A 0 (15)

From equations 8 and 9

XAl = AgA(O) rE +

and

XZ1  5'S(t) XZ(t) dt

18



This is equivalent to performing the estimation process after

the incoming signals have been coherently demodulated.

Error Voltage c produced by the maximum likelihood equation

A

Equation 15 states that when e is equal to 8 (angle off

boresight of the target) then;

A A A
gA(8)XE 1 - gE(O)X&1 is equal to zero. When 6ML does not

equal 6 then equation 15 will equal some number other than zero.

This number is the error voltage and through the discriminator

AA
(C to e mapping) a e estimate of the angle off boresight can be

made. Setting equation 15 to c

gA()XE- gE(6)X = C (15a)

where = 0 when e =

e 0 when # e

Statistics of C

E [F-] = gA((e) E CX)- gZ (6) E Vt

from equations 10 and 11

E [cJ = gA( )AgZ(O) /-E- g(t)AgA(0)./T

E[c = A tlE(gA( ~6) -gE((e) g (6)W)

If e = 0 then

E [ 0 (16)

Var [C]j - E [(gA(e)XZ-gZ(6)XA) 2 ] - A 2E(gA(e)gr(e)-gr(e)gA (6))2

M E [gA2 (e)xE2 - 2gA(O)glE(6)XEXA+ g 2 E(e)XA2 ] - € -2

r 22A No 2 No 22gA2(e)gE2(6) + -gA2(6) + N-- gC2() -

2gA(6)gE(@)E [XZX'] - -2 + EA2g2Z(9)gA 2 (8j

E [XEXq - E [(Agiz(e) 1- + NZ) (AgA (0) /E + NO)]

W E [A 2 EgE(6)gA(e) + Agl(e) -r- NA + AgA(e),-f Nz +

NENA]

19



2r
- A EgE(6)gA(8) + E [N-]

after cancellation of zero terms; AgZ(e) E NA, AgA(e) E NE and

E [NNA]

Var [c + Tgz2  M + No +

(2 1- g) j
2EA gZk()gA(@)gA(6)gZ(^) -

EA 2gA2 gz2(6)
2A (AgZ(

- 2[gE2 (e)gtA2 ( + gE2(^)gA2 (e] - EA2 g()Aeg()E9

+0 {g A 2(^e) + gE2(^e; - 2

: 2 (0

-2C AE(gA(e)gE(6)-gE.(e)gA(e)) 2

A E(gA (9)gE2 () - 2gA()gE()gE(9)gA(O) + g(e)g (e))

-222 2 2(A g2 2-A2E(gA 2()gZ (8) = gZ (()ge2()) + 2A EgA(B)gz(e)gE
()gA(6)

Therefore other cancellation;

Var = (A g 2 () + gE 2 ( A)] (17)

The density function of e is the sum of two gaussian functions

that are multiplied by constants gA(8) and gZ(O), and is consequent-

ly gaussian with the following statistics wtth e = e

= 0(16)

2 [gL2 (I) + gl:2 (^)] (17)

Statistics of A estimate

from Equation 14

A (g()XE + gA(e)XA)

r/ (gE2 (0) + gA2 (0))

20
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E + 2CA)[g9(e)E XT + geC()s [

E(gZ (8) + gA (8))

let
1

K - 2A
E(gZ (0) + g, (0))

from

E ~A~J- [e()Agr,(6) ,f- + gA(O^)AgA(O) 1~

-K A /~[E(e) gE(e) + gE(*e*)gA(e)

E rA./ , A OgE(e)gE(O) + gE( c)1 (18)
2" (18)

gE: (8) + gA (8)

Under the condition of e - 8 ; then

A

Therefore, if 8 = 0 , then the estimate of A is conditionally

unbiased. ^ ^ - 2 1 -A2

Var[[Al eOx + ga / 2

- 2
1 E (gE (6) + gA (0)

E(gZ (12) + g)X2-A

E(gZ (69 gA2 (0)) .At1A2i -

2 1 [(g2E(e)x2E + 2gZ(6)gA(6)XEXA +
E(gZ 2() + gA2 ( )) 2

2 2 1-2
gA (e)XA )/A A

let;

1

E(glE2 (0) + gA2(e))

Var[ A/J - KE [g2 (0)(A2g 2 (E)E + 2AgE(O)g NE + ()2) +
A I

2gE(6)gA(e)(AgE(0) - + NZ)(AgAC()/E+ NA) +

g2A(^)(A 2g2A(e)E + 2AgA(G)/E NA+ (NA) 2 ] -A2
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- r2Eg2 2 2_ No + A 2

[A2g2(6)gE(6) + g E(e)T-+ 2gE(0)gA(0)A Egz(e)gA(e) +2 ^2A 2 'No7 _ 2

A2Eg A(e)g M() + g AO -A2

-_ K g2r(6)g 2Z(e) + g2A(e)g 2,6(O) + (0)gA(A)gE(e)gA(e))+

No 2,,2(^) _A2
(g E(e) + g ()

^

again let e - 6

Var LgI( 2 2 2 A 2E(gE 2(0) + gA ()) 2 +
E(gE (6) + gA (6)

No (g2Z(W) + gA2(0) 2A 2  (20)
2 (g 2£() + gA 2(0)2

after cancellation;

Var No/A 1 (21)
T (g 2 (6) + gA2 (0))

To determine if the conditionally unbiased estimate of A

is an efficient estimate then the conditional variance equation 20

needs to be equal to an established lower bound, (Cramer-Rao Bound,

Reference 8).

Cramer-Rao Bound (Reference 8 )

Var [A/A] > (E [ [lnp (f(X, XA) /A) )-

or2 In p (f(XE, XA)/A6j

from equation 12;
1 2 2

lnp (f(XE, XA)/0,A) - lnK - No X7, + XA - 2A E (gE()E+

gA(O)XA) + EA2(g 2(0) + gA ()) (12)

lnp(f(XE,XA)/O,A) - 2 E(g(O)XE+ gA(X +
2A No

2EA(gZ2 () + gA2 ())

22



wa

2 2 2-2 lnp (f(XI, XU)/O,A) - - No 2 E(g E(e) + gA (e))
3Anp (f(X, XA)/eA) - E (g2r(e) + gA2(8))

E -- inp (fXZ, XA)/O,A N

-E lnp ((XZ, XLA). -Aj E (g2z (e) + gA2 (e)) (22)

A

Equation 22 is equal to equation 21 consequently, the estimate of A

is an efficient conditionally unbiased estimate and can be used in

A
the implementation model to determine 0.

Maximum likelihood estimate using two pulses

The analysis of the system has been done assuming only one

pulse. The analysis will now be extended to two pulses as in

Figure 9.

'a0

' L

Figure 9. Two Receive Pulses

XE(t) - AgE(e)S (t) + Agt(e)S2 (t) + NE(t)

XA(t) - AgA(B)Sl(t) + AgA(e)S2 (t) + NZ(t)

Using Gram Schmidt Orthogonalization procedure, decompose the input

signals into two dimensional random variables.

XE(t) - XE1S 1 1 (t) + X-2S 2 2 (t)

Xt(t) = X 1SII(t) + XA2S2(t

Where XZ (XZ X 2)

S - (S1, S2)

23
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I P

Given that e(t) is constant during pulse and during the pulse

repetition interval.

Therefore,

dt

Then (8) will not change during the pulse or from pulse to pulse

so g(0) (i-Z,A) will remain constant from pulse to pulse for Z

channel.

S1 - AgE(e) Y S(t) (t)dt
0

= AgE(B) 7 S(t)OL dt
I E

= AgE(O),/-

S2 = AgZ(O) I S(t) 2 (t)dt

= AgE(8) T S(t) - dt
0E

= AgE(e),rT

Similarly for A channel

S =AgA(0) r.

S2 -AgA(0) r

22

Therefore,)

XE: = (AgE.(8)t-E + NE.1 , AgE.(8) /r + N2

XA = (AgA(O),r + NAI, AgA(0),T + NA2)

Now to write O(XE, 14/0,A)

Since NZ and NA are independent

P(KXE, XA/O,A) 0 h(Xz/eA) 0 (XA/OA)

24



and since NE I and NE 2 are independent and NA 1 and NA2are

independent;

P(x, A0,A) O (XE /0,A) P(XE /0,A) A(xAfE),A) P(X,2/E),A)

therefore,

O(XE, XA/G,A) - K exp [-~ (XE -Ag(e)/J-) + (Xz -AgZ(e)/E) 2

(M 1-AgA(e) E) 2 + (XA -AgA(e) /E

lnp (XZ, XjA/e,A) - NoK [(XEA(e)/r) 2 + (XE-AgE(e)/i'-) 2

+ (x~ 1-AgA(e) rE~)2 + (XL 2 -AgA(e)/-) 2] (23)

For Estimate of A

al P =XE - A.)[2(XE -AgZ(O) E)(-)gE(B) IE +

2(E2- AgZ (0) E) (-) gl:(e) E +

2(&1- AgA(O, E)(-)gA(e) /FE +

2M2- AgA (0) E) (-) gt, (e) 1rE]

setting A lnP (XE, XUS0,A) 0

2 20 -n x 1 gE (e) PE + AgE (6) E -E zgZ (e) /--E + AgE (6) E-

2 2

-& XgA (6) ,rE + Ag 2a (e)E - XA gA (e) J- + AgA 2(6) E

2 A E ( g 2  ( e ) + g 2  ( e ) ) ' E - n ( ) ( z 1 + ) + A ( ) m I M 2
Therefore;

gE g(E))(XZ +,a + +A()( X
A 1 2 gA ( 1 X 2) (24)

2 2
2 E(gE (e) + gA (8))

25



For Estimate of8

From equation 23;

ae np XEXA~,A)- -~- 2(XEi AgE~e) E)(-)Ag:(G) ,rE +

2(XE 2 - AglZ(B) E)(-)AgE(8) r-E +

2(A - AgA (6) E) (-)AA (0) ,J-E +

2(X 2 - AgA (e) E)(-AgA (6) -E

setting .#lnp(XE, 2XA/O,A) -0;

0 w -A,)JE XE I E(O) + A2 E gE(O)gre-

-A JTE XE 2 gEi(e) + A 2E gZ(O)jZ8-

-A /-E XA 2 A(6) + A 2E gA(e)j(e)

2A E(gIE(e)jI(6)+gA(e)/A(e))

using equation 24;

2 ,fE [g1z(e)Xz1 +Xr2) +gA(e)(X61+XA2).[Ee~~)g~~L()

2 ,Ji (glE (6) + gAt2 (8)

glE(O)(X 1-I+-E2 ) + gA(B)(XA I+XA 2 ) (25)

Cross multiplying;

Ile2 0)1: e)(Xl +z )+ gA(e)gE(6);7(e)(XI +XA 2  +

9E (0 ) ;4(e ) g&(0e) ()+ XE2 + g 2(O) (e)(X~ +XA7 2]
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19 2 (e)gE(0) (Xrl+XE2) + gZ2 ( e)g;() ( +Xn ) +

2(e); (6) (z +XE2) + A 2 (e) (XA1+XA2

g9(e)g z( iE()(XI+XA2) + gz(e);(e)gA(e)(Xzl+XE I

E1 2 (e ));A(e ) (MI+XA 2) + gA 2 (e )g;(e )(XI:1 + XF 21

MI+ xA2)gz()(g)(e)g(e)-0(e)) +

+(X~l+)M2)gA(e)(gZ(O)iA(O)-gA(e)gE(e) 0

(gA (e)gz (e)-?=E (e)g:A (e)) (XA I+A 2) g (e)- (X I+XE2) (e) =0

therefore,

M1+Y2 )gz (e)-(&1 + I2)gA (e) = 0

or;

(YZ I+& 2)gA (e)(YA1+) 2)gZ (e)= 0 (26)

(YEl+X 2) ( +-+XA 2) gz (e) =  (26a)

Each received pulse is processed individually and no cross

terms exist. The analysis of the single pulse consequently holds

for more than one pulse.

The effect on error voltage c from using more than one pulse

Using equation 26a;

let;

X )+X ( gZ(A) C

2 2
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XElgA(0) + lxl2ga - 1 gr- e g

XElgA(e) - XAlgr(6) + X' 2 gA(e) - XA2g(O) e)

XZlgA( ) - XAlgE(g) + XE2gA(4) - XA2gE()

from equation 15a;

C 1 +  2 (27)

This states that the error from one pulse can be added to the error

from the second pulse and the final error averaged to obtain a new

error. As the mapping of error c to estimate angle e is a one to one
A

mapping, each e estimate obtained for each pulse can be added to the

next e estimate for the next pulse and then averaged.

Implementation of the error e to e estimate discrimination

Using equation 15;

g X() xE + gz(e) XA = 0 (15)

Assuming no noise, NZ =  NA = 0;

gA(')AgZ(O) E + gz(^)AgA(e) E E

Using equations 6 and 7;

sin koa sin d sin koa sin (e + i( -s

koa sin (e ) L koa sin (B koa sin (e d)

As this equation is a combination of sine functions and cannot 
be (28)

reduced effectively, the digital computer will be used to produce a

A
series of e estimates for various errors e . The error voltage

resulting from the estimator will then be compared to the various

A
errors and a corresponding e estimate chosen. This estimate will then

28



be averaged with preceding estimates to account for multiple pulse

processing.

From equation 28 EA scales the set of c/O curves. As A is

unknown, (A is contained in the incoming signal), then the estimate

of A, equation 14, is used to estimate A and is used to scale the

A

C/( curves.

From equation 14;

A (gz(e)x-gt(8)XA)
A E~g2 z (g)+gA2(r))

A
is a function of both 8 and the amplitude of the incoming

signal. Only when 8 = 8 does A = A, therefore, the scaling of the

A
C/o curves will change for every pulse.

The tracking Loop

The system at this stage has estimated an angle 9 from one or

more pulses. From equation 27 and the discussion following equation

27, the 8 estimate from successive pulses could be averaged.

The tracking loop can be completed in two methods as

follows:

A
a. 50 pulses can be used to estimate 50 8i estimates.

These estimates can then be averaged to produce a

A
9 estimate angle off boresight, (Figure 10) as

follows:

P 1. 50
6 - eS= 50 i

i= 1

A

The 0 estimate can then be used to steer the antenna.

29



Figure 10. Implementation of System (a)

b. Over 50 pulses, each pulse can be used to derive a '

t A

A6 estimate and this tiG estimate averaged with the

A0

preceding Ae estimates. This average Ae estimate is

then added to the current estimate to form a new

estimate which is fed back to the estimate antenna

functions gZ(e) and gb(8). The next estimate is

then derived using these updated antenna functions,

(Figure 11).

Ae i 1 (i-l)Ae i  +6i; i -- 1,2,...50

- (i-i)Ael+i i- ; i1,2,... 50

50 where - 0
T (i-l)A ei ~

(30)
i',l
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This system is equivalent to a tracking loop
A

(Reference 11) which updates the estimate of e

estimate based on the error c produced from the

preceding estimate.

'A

Figure 11. Implementation of System (b)

Implementation of Tracking Loop

Using equation 14, a digital computer program was written

to implement each block of Figure 12.

The error e voltage was determined by implementing equation

lla directly using the digital computer. The pulse width T was taken

to be 2Oms and the number of noise samples from a gaussian noise

generator was 100. The first estimate value of e used in the feedback

or estimate antenna functions gE(8) and gA(O), was arbitrarily taken

to be vero. The error voltage e was then compared to a set of

numbers generated by the discriminator. Each of the discriminator
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I -q

Figure 12. Overall Block Diagram of the Monopulse Radar System
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boresight.
A

The probability density function of e is unknown. Also the

expression for 0 is unknown as e is contained in the expression for e

which is the sum" of sine functions. The lower bound for the variance

of e/6 can be determined using the Cramer-Rao Bound (Reference 8).

Var [' /e] .(E lnpfXZ. X&)fAe) 2])-

>(E[ 2 I--rnp (f (Xr, YEA) /Ae)] -

-- 9A2

Var [e/0] >(-E [' 1 2AE (Y Ap ( ) + XgA(O)) +-- e O

2K
2EA2 g(e)gE(O) + gA( ()A. )-.

1 - -L - 2A E (X~gE(e) + XMg(O)) +

2" ^g~ - A A )2 + 86( '
2A2 (g(e)gE(e) + (g(e 2+ OgA) +

_e

Using E [ 1 Ag(e)J-E and E IX61 =  Ag :(),-E

1 A 2  A v. "
Var re] + A E (-gz(e)g()-gA(e)gA(e) +

No

A,. 2 + gA. A A )2
gz(O)gZ(a) + (g(0))2 +gtd9)gA(6) + (gA(6)) (34)

Equation 34 was derived for the lower bound of the variance of 6

or the best possible case of the variance of e. In this case, the

A A

best possible estimate is when 6 = e. Using 8 = 6

Var [ )-gA()g

g-N (6) + gA gZ-l

gz(e)g.(e) + g2(e) + gA(e)gA(e) + gA2(0))
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I+

No

2EA 2 ( E2(6) + i2(W)) (35)

Using equations 6 and 6a; need to find gE 2(e) and g 2(e)

sin [koa sin (6+d)] sin [koa sin (e -
gr(e) = d + s)-

koa sin (e+ .) koa sin (0 - )

sin koa sin 6 cos 2 + koa cos 6 sin

dd +koa sin 6 cos + koa cos 6 sin d22

sin [koa sin 6 cos- koa cos a sin

koa sin 6 cos -koa cos a sin d
2 2

Using equations 5 and 6

d0

koa - 43.0003097 andd = 1.2375°

2 2
The value of (g 2(Z) + g A(O)) is evaltrated in Annex A.

From Annex A; Var [6/1.5] > No

2E A 4.7276 X 10

where No 2
2hr No aF (variance of noise)

A i

E - T 2X 10 2
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TABL". Computer runs conducted with a constant target at

1.50 angle off boresight

Ist Pulse 50th Pulse

No Var [/1.5J Var 8/1.50

.01 1.0576 X 10 2.1152 X 10-

.09 9.5186 X 10-3  1.904 X 10-4

.25 2.644 X 10 2  5.288 X 10

1 1.05 X 10-1 2.115 X 10 - 3

4 4.23 X 10-1 8.46 X 10 - 2

9 9.5186 X 10-  1.904 X 10- 2

25 2.644 5.288 X 10-2

for 50th pulse;
NoV [e/1.5J o2

V /.150th pulse 222
50EA X 4.7276 X 102

No
V le/i.5j 2

Nth pulse N EA2 X 4.7276 X 102

From equation 35 the lower bound of the variance of 8

estimate is a function of the noise power, the amplitude of the

incoming signal and the change in the two antenna functions.

In the computer model runs, the noise power and the amplitude

of the incoming signal are held constant for each individual run

but in the case of a moving target, the antenna functions will

change with change in angle. This will cause the variance estimate

to change also with each new angle.
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Moving Target

All theory investigated so far has assumed a constant target.

However, a tracking radar needs also to track a moving target. For

the computer runs with a moving target, the target will assume to

move from -1.9° to 30 in 50 pulses.

In the constant target model progressive averaging of the A8

was done over the 50 pulses. As the assumed moving target is almost

covering the whole radar's angular limits within 50 pulses, pro-

gressive averaging over the entire 50 pulses cannot be done. To

determine how many pulses to average and what type of averaging is

to be done is a control problem and is not within the scope of

this thesis. Consequently, no averaging will be done and each

estimate will be fed back to the estimate antenna functions to

be used to correlate with the new pulse. The investigation of the

moving target situation will be limited to investigating the radar's

ability to track a moving target with no averaging of Ae.

Output of the tracking loop 8

A

The estimate 8 of the tracking loop was investigated in

three methods for each of the target models.

For the constant target, the three methods were as follows:

a. For a given noise seed starting value the estimate 8

mean, variance and (mean/variance) square was plotted

for a run of 50 pulses. This was repeated for

signal to noise values of 40db, 20db, 14 and 6db.

b. A criteria based on variance and (mean/variance)

square was chosen by experiemnt to determine

whether lock or no lock was achieved during the
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!7
50 pulse run.

c. The probability density function of 6 was plotted

using a histogram approach (Reference 7).

For the moving target, the three methods were as follows:

a. For a given noise seed starting value, the

estimate 0 was plotted for a run of 50 pulses.

b. The probability density function of e was plotted

using a histogram approach.

c. A criteria based on mean square error of the

estimate to the non-noise tracking value was

chosen to determine lock or no lock was achieved

during the 50 pulse run.

The density functions of the constant target and the

moving target can be derived in many ways. Two such methods

are the Histogram Approach (Reference 7) and the Gram Charlier

Series Approximation (Reference 5). However, only the Histogram

Approach approximation will be used.

Histogram Approach (Reference 7)

0

The limits of 0 were chosen to be -3° and 30. This line

was then divided into 30 points or 0.2 increments. The occurrences

of 0 estimate in each increment was then counted with the resultant

number divided by the number of runs (50).

N
Therefore; p (0) NiCi
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0i M cell center point - -2.9, -2.7;;;2.9

N - 50

OCC i M 0; -0.1>8 - > 0.1

1; - a.<8 - Q< 0.1

mean

E r 30 p (e) e i

Variance
Va = 3 p (0) e e2 (E e 2

I- i

Gram-Charlier Series (Reference 5)

When many random variables are summed, the control limit

theorem of statistics states that the probability density of the

sum random variable approaches the gaussian distribution. The

Gram-Charlier series is an orthogonal polynominal expansion whose

first term is the gaussian density function. In this case, the

second order of approximation was used. Accuracy of the density

function is increased if higher orders are used.

C=-( -H~ p O  Hi - dO8
0~ 00

Where when evaluated

C I first order

Cl- C2 -0

C3 second order
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3 is the 3rd central moment of p(g) normalized by a 3

- 3
13 f e P(O) d6

if Mn denotes the n the central moment of p(g)

Mn - en p(e) dO

then 3 m 3 -3m 2m + 2 m1
3

Cr3

andH 6 (6 3 (e

2 A
and W-1) e-2 6 H i(

Therefore after substitution in equation 34

e 2 +

+2(m -3rnm +2m1 3 ) 1 .1 (35) t_
2P 1 - e c, 3( - a (35)6 3  

2\a

39



III DIGITAL COMPUTER PROGRAM

Digital Computer Programing was utilized using FORTRAN 5.

The main flow Flow Chart is in Annex B. The basic tracking loop was

implemented using subroutines called from Program Main. Variations

in the output were then conducted within Program Main. Listings for

the basic program are in Annex C.

Basic Tracking Loop

Ten subroutines were used to implement the basic tracking loop.

The subroutine ERID was used as a mainline calling subroutine to the

other subroutines.

Subroutine FNE

This subroutine implemented the basic tracking loop with calls

to all the relevant subroutines except noise. The purpose is to

create a e to e curve. This is only one curve which was created

and the scaling of A estimate was not done within this program. With

each change in 1 estimate'within the tracking loop A estimate changes.
A

Therefore, the basic e to 0 curve need only be created once with scaling

by the current A each time a c to 0 curve is required. The c to e

curve was created by holding the input angle at 0° and varying the

e estimate from -2.80 to 2.80 in 0.010 steps. This created a set of

c voltages which will later be compared with the e from the actual

tracking loop to determine a 0 estimate which would cause the system

to have 00 off boresight.

Subroutine ERID

Subroutine ERID implemented the basic tracking loop with calls

to subroutines XPAT and ERROR. The basic loop included noise as well

as some defined input signal. The resultant error voltage e was scaled
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by A estimate and then compared to the c to 8 curves. The

resultant e was then returned to Program Main as the new e estimate

to be used on the next pulse processing.

Subroutine XPAT

XPAT created the XE and XA signals and then derived the

voltage which was handed back to Subroutine ERID. XPAT called

subroutines NOISE, SDPAT and ESTAN. The input to this subroutine

is EST which is the current value of e estimate.

Subroutine ERROR

The e produced by XPAT was scaled by A estimate in ERID and

A

then compared to the set of c to 0 (curves created in FNE) in ERROR.

The resultant 6 estimate going back to ERID.

Subroutine NOISE

An IMSL routine GGNML is called from this subroutine. GGNML

creates a gaussian vector with a given seed starting point. The

output vector (R(I)) is gaussian where

R(I) = (Y(I)S + M

where Y(I) is gaussian zero mean

unit variance

S is chosen variance

M is chosen mean

Subroutines SDPAT, SINC, ESTAN and ESTDEG

These subroutines implement the antenna functions gEZ() and

gA().

Subroutine MEVAR

This subroutine was used to derive the mean and variance of all

past 0 estimates for any given run of 50 pulses.
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IV RESULTS

The results of the computer program runs are divided into two

sections; a constant target with 50 pulses are sampled and progressive

averaging of the incremental error estimate is done for each pulse,

and, a moving target with constant velocity where no averaging of the

incremental error is done over a run of 50 pulses.

Constant Target

A plot of mean, variance and (mean/variance) square was plotted,

(Figure Dl, D2, D3, D4), for signal to noise ratios of 20db, 14db,

10db and 6db. These plots are 'once only' runs in that the same noise

seed starting point was used and consequently are meant to be typical

examples of the radar model tracking in various noise conditions.

Each of these plots demonstrates the radar model's ability (variance

of the estimate) to estimate the angle off boresight (1.50 off bore-

sight), of the target for the various signal to noise conditions.

The mean shows the progressive mean of each of the estimates over the

50 pulses, and the progressive variance of the estimates over the 50

pulses, and the progressive variance shows the relative deviation of

each of the estimates for pulses I to 50. The (mean/variance)

square plot shows the relative goodness of the mean and variance

combination. Due to the averaging of the incremental estimate AG

in the discriminator, then the variance should be expected to decrease

for each pulse and asymptote to a particular value. On the other hand

(mean/variance) square should increase for each pulse. Both of these

conditions are for a locked system. If variance increases and

(mean/variance) square decreases, then the system is considered to be

unlocked. These criteria are good measures for lock or non-lo:
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conditions when the system is working well above threshold or Uell

into threshold. Around threshold the (mean/variance) square approaches

1 for the locked condition, however (mean/variance) square must still

increase for a locked system.

From Table I a lower bound variance is possible of .644 for

a signal to noise ratio of 6db. However, an accuracy specification

for the system needs to be assumed. Assuming an accuracy of + 0.50,

then the lower bound on the variance needs to 1. This equates to a

signal to noise ratio of 10db.

From the plots of mean, variance and (mean/variance) square, the

20 and 14db runs (Figure Dl, D2) were both lock situations but the

10db (Figure D3) and the 6db (Figure D4) resulted in non-lock. The

6db run broke lock on the fourth pulse and did not demonstrate any

indications of regaining lock. The lOdb (Figure D3) run did not

break lock until the 15th pulse. Although the mean did track the

target, the increasing variance indicated that if the system was

allowed to continue for more than the 50 pulses, the mean would also

break away from the tracking value. The variance tended to oscillate

with the mean of the variance increasing. Also, the value of (mean/

variance) square had started to decrease suddenly by the 351h pulse.

Under the criteria of increasing variance and decreasing (mean/

variance) square indicating a break lock condition, the 10db run is

considered to have broken lock. However, within the 50 pulses the

mean tracked the target and the variance increased slowly (1.5 over

50 pulses). This run is an indication of threshold.

The plots of probability of e versus 6 (Figure El through E24)

display runs of 50 different noise seed starting points for signal
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to noise ratios of 40db, 20db, 14db and 6db. Each plot demonstrates

the probability of e versus 6 at pulses of 1, 10, 20, 30, 40 and 50

for a particular signal to noise ratio. All of these plots were

derived by the Histogram Approach (Reference 7) using a cell width

of (.40).

The 40db plots (Figure El to E6) show the relative frequency

(out of 50 runs) of a particular 8 estimate. Figure El shows that

0 0
all 50 runs chose an 6 estimate within 1.U and 1.4 with a center

or mean of 1.30 as all values are within one cell width the variance

is equal to zero. On the tenth pulse (Figure E2), the mean has now

moved to 1.560 and the variance is 8.4 X 10- 3 . This indicates an

increase in variance but the 20, 30, 40 and 50th pulses (Figure E3 to

E6) show a decrease in variance until the 50th pulse (Figure E6) shows

a mean of 1.50 and a variance of zero (all 6 estimates of the individ-

ual runs within one cell). This agrees with the computed variance

estimate for the 50th pulse of 2.1152 X 10- 5 . This is most certainly

within the .40 cell width.

For the 20db plots (Figure E7 to E12) tracking variance close

to the computed variance estimate was obtained.
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TABLE II. 20db Comparison of Computed and Actual Var [e/e

Pulse Mean Var [0/ 01 actual Var Computed

1 1.308 .0911 0.1058

10 1.56 .0515 0.0158

20 1.568 .03937 0.00529

30 1.668 .0742 0.00353

40 1.604 .0516 3.77 X 10-
3

50 1.52 .0612 2.115 X 10
-3

The pulse 1 plot (Figure E7) indicated a variance very close

to the computed value (difference of .0147). As the number of pulses

increases (Figure E12) the actual variance does not decrease as

quickly as the computed lower bound of the variance estimate. How-

ever, this difference can be partially accounted for in that the

computed variance estimate is a discrete lower bound estimate where as

0
the actual estimate is based on a cell size of 0.4 . The final mean

1.52 (Figure E12) and variance of 0.0612 gives a final e estimate of

1.270 or 1.77 ° which is well within the tolerance of 1.5° + 0.50.

Again, the initial variance of the 14db plot was very close

to the computed variance estimate of Table I.

TABLE III. 14db Comparison of Computed and Actual Var [/0/]

Pulse Mean Var [e/el Actual Var [e/el Computed

1 1.432 .4554 .423

10 1.524 .238 .0423

20 1.668 .181 .0212

30 1.584 .344 .0141

40 1.56 .216 .0106

50 1.556 .26 .0085
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generated numbers corresponded to an angle off boresight. Once c

was found to be within the limits (equating to e + 0.010) of a

discriminator generated number, then a corresponding angle off

boresight was chosen. This angle was then added to the original

estimate of zero and this new estimate was then used as () in the

estimate antenna functions g() and gACO). The process was now

repeated, but with the resulting angle off boresight from the

discriminator being averaged with the previous angles from the

discriminator before being added to the previous or existing value

of 8. This new 8 was then fed back and used to update the estimate

6 used in the antenna functions gZ(8) and gAt().

The digital computer implementation will now process a number

of returns from a target and produce an estimate value of 8, (averaged

over the number of pulses processed), for the angle the target is off

boresight. This angle of e can now be used to update the angle 8

in the antenna functions gE(e) and gA(e). In a real system, a

servo motor (as opposed to phased array) is usually used to steer

the antenna. The effect of the servo is to average all incoming esti-

mates with a turning to the resultant mean.

Statistics of 0

The problem is now to determine how many pulses to process, N

(mean of 0 = 6) and to what degree of certainty (variance of 0), that

A

e is derived via the discriminator from c. Under noise

conditions, the mean of c is equal to zero only when 8 - 8. As c
AA

and e is a one to one mapping, then the mean of 8 in the limit as the

number of pulses processed becomes large (infinity), is the angle off
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As the number of pulses increase, the variance decreases from

pulse 1 to pulse 10 but then oscillates around an average value of .28.

This is a very good indication of threshold where the variance is not

decreasing significantly but also is not increasing. Plots for

pulses 1, 10, 20, 30, 40, and 50 (Figure E13 to E18) show the mean

unchanged. The final mean 1.556 and variance of .26 produce an

estimate e , 1.556 + .509 which is just outside the assumed limit of

0 0
1.5 + .50 (2.060 and 1.04 ).

As can be expected, the 6db plot (Figure E19 to E24) demonstrated

a system operating beyond threshold.

TABLE IV. 6db Comparison of Computed and Actual Var [e/e]

Pulse Mean Var [e~ Actual Var Computed

1 1.46 1.44 2.644

10 1.396 1.25 .2644

20 1.656 1.71 .1322

30 1.564 1.26 .088

40 1.504 1.64 .066

50 1.632 .97 .05288

The system still demonstrated a mean tracking of the target.

From Figures E19 to E24, the system displayed a correlation at 3° .

This was caused by a routine within the model which limits the range

of the system to +3° . As the variance of this system was large

(average of 1.38) each individual pulse numbers standard deviation

took the estimate to the outer cell. Consequently, all estimates

which exceeded this cell were lumped into its histogram.

47



Probability of Break Lock

To determine a probability of break lock, an assumption needs

to be made as to exactly what constitutes a break lock. As has been

shown, the system can still track the target but have out of limit

estimates. This will only occur when the out of limit estimates do

not exceed the discrimination limits of +2.80. If the system tracks

a target but the estimate is out of limit, then the system is not

operating as specified, and, consequently will be considered to have

broken lock.

From Tchebycheff inequality (Reference 9);

1

assuming as before k = 0.50 E

2
a 2 Var 0/6

Table V gives a comparison of the probability that the system

will be within tolerance (+0.50) at the 50th pulse. Table VI gives

a comparison of the probability of break lock of the system at the

50th pulse.

E < < rI + )>a 2

C
TABLE V. Comparison of Probability of Lock

S 2
-- 2 ~ . < 6 < + .5 >
N

40db 1.5 2.1152 X 10 - 5 1

20db 1.52 0.0612 .98

14db 1.556 .26 .73

6db 1.632 .97 0
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TAVLE VI. Comparison of Probability of Break Lock

SN Y Break Lock Probability

40db 1.5 0

20db 1.52 .02

14db 1.556 .27

6db 1.632 1

Moving Target

Plots of the estimate (Figure F1 to F4) over a run of 50

pulses for signal to noise conditions of no noise, 40db, 14db and

6db. These plots were made to give an indication of the tracking

ability of the system for a moving target (-1.9° to 3.00 over 50

pulses) and no averaging from pulse to pulse. As was seen in the

constant target case, the system should track the no noise value

of the estimate on the average but in the moving target the variance

of the estimate cannot be expected to decrease with the number of

pulses (no averaging). In the above cases, the radar tracked the

target but with varying degrees of accuracy., This accuracy will be

A
determined from the probability of e estimate versus plots.

The 40db plot (Figure Gl to G6) shows the mean changing

from -1.I° to 2.9° . The maximum variance for any of the 50 pulses was

0.009984 on pulse 27. This equates to an accuracy of 0.10 at a mean

value of 0.7960. The angle for the non-noise case at pulse 27 is 0.7.

This gives an error at most of 0.1960 which is well within the assumed

accuracy criteria of +0.50.

-The 14db plots (Figure G7 to G12) show the mean changing from

-1.196 to 2.752. The maximum variance for any of the 50 pulses was

0.374 on pulse 30. This equates to an accuracy of +.61 at a mean
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[0

value of 1.0280. The angle for the non-noise case at pulse 30 is

10. This gives an error at most of .890 which is outside the

assumed accuracy criteria of +0.50.

The 6db plots (Figure G13 to G18) show the density function as

a relatively uniform function (variance greater than one). The mean

of the estimate did track the target with indications of -1.0920 to

2.4160, but with a maximum variance of 2.243 on pulse 17. This

equates to an accuracy of +1.4980 at a mean value of -.3680. The

angle for the non-noise case at pulse 17 is 0.3 . This gives an

error at most of -2.1780 which is well outside the assumed accuracy

criteria of +0.50. Again, correlation occurred at the 30 cell. This

causes an artificially smaller variance at these angles.

General

In all cases of computing accuracy, the control problem of the

system has been overlooked. This problem is when to turn the antenna

(how many pulses) and on what value to turn the antenna (estimate on

some form of mean or average). As long as the system is in a lock

condition, the threshold could be extended b ' using an average or

progressive mean in the constant case. In the tracking case, this

problem is outside the scope of this thesis.

The lock no lock conditions in general can be determined from

the relative scope or change of the variance or (mean/variance) square.

If the variance decreases and the (mean/variance) square increases,

then the system is locked. For the moving target tracking problem,

no relationship can be determined for the variance as the number of

pulses increases. However, the lock, non-lock conditions can be

determined by examining the mean square error of the estimate in
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relation to the non-noise tracking value. If this exceeds the

specified limits, then the system is either operating under too low

a signal to noise ratio (in our case, threshold is approximately

20db) or the system has broken lock and is no longer tracking.

In this example, the specified mean square error limit was 0.25

(+0.52).
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V CONCLUSIONS AND RECOMMENDATIONS

Theory Conclusions

The estimation system is to be implemented to model the

Amplitude Comparison Monopulse Radar is as follows;

gA(e) 7xz(t)S(t)dt- g Y(X) xA(t)SCt)dt -

0 0

A

Where e - 0 when 0 = e

The amplitude estimate A to be implemented so as to estimate

the amplitude of the incoming signal is as follows;

A1

A (gE(e)XZ + gA(0)XA) where; A = A

2 [gE2(a) + gA2(e)]

This A estimate was found to inversely vary the c to 0 curves

of the discriminator.

The antenna functions to be implemented were found to be as

follows;

nkoasin (+l skoa sin (0 -sin

koa sin (e+ ) koa sin (e -

g()-sin Ikoa sin (9 +~) sin r koa sin (e -

koa sin (e + - ) koa sin (6 -

Where koa - 43.0003097

- = 1.23750
2
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A

The A0 estimate output of the discriminator can be progressively

averaged for a constant target. Averaging other than progressive aver-

aging over the entire 50 pulses needs to be done for a moving target.

The lower bound of the variance estimate for the ^9 estimate of

a constant target is as follows;

No
Var Lee9 2EA2 2(;2 + ;&1(2

Results Conclusions

For the constant target with progressive averaging of A0

over the 50 pulses, the threshold was found to be determined by exam-

ining the lock condition as well as if the A estimate has exceeded

the specified accuracy limits. In this example, threshold was found

to be 14db. The lock, non-lock criteria for this system is,

a 'lock' is determined if the variance decreases and the (mean/

variance) square increases over the 50 pulses.

For the moving target with no averaging of At over the 50 pulses,

the threshold was determined by examining each individual mean square

error of the estimate in relation to the non-noise tracking value.

If this exceeds the specified limits, then the system is either

operating under too low a signal to noise ratio (threshold) or the

system has broken lock.

Recommendations

As this study was limited in scope on several areas, the

following areas are recommended for future research;

a. Investigate the effects of varying the incoming signal

a plitude A on the threshold and break lock frequency.

The use of A in the discrimination curves suggests

53



that a saturation level of A will cause poor tracking.

b. Reproduce the plots of probability density of 8 versus

e using the Gram-Charlier Series approximation. This

should produce a more accurate determination of

threshold than the Histogram Approach approximation.

c. Extend the system to two dimensions and investigate

the effect of coupling from one dimension to the

other.

d. Investigate the control problem of when to steer

the antenna. The type and amount of averaging

needs to be determined.
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APPENDIX A

Evaluation of (gZ 2 (e) + 92(e)

gE (6) -sin (42,993 sin 0 + .92873 cos e) +42.993 sin 6 + .92873 cos 6 +

sin (42.993 sin 6 - .92873ose
42.993 sin 0 - .92873 cos e

= sin((42.993 sin .) cos (.92873 cose))+
42.993 sin e + .92873 cos 6

co (42.993 sin e) sin (.92873 cos 8))+
42.993 sin 8 + .92873 cos 8

sin((42.993 sin e) cos (.92873 cos 6))
42.993 sin e - .92873 cos +

cos((42.993 sin 8) sin (.92873 cos e))
42.993 sin 6  - .92873 cos6

The values of gZ(8) and gA(6) depend on the value of 6. In

the computer runs using the model with a constant target, an angle

off boresight of 1.50 was used. To enable the lower bound of Var

00

8/8 ff 1.5 °  to be determined, the four terms of gl(8) and gA(6)

need to be evaluated at = 1.50.

-3
ist term = 8.553 X 10 + 9.012 - 5.506 f 3.515

2nd term - -3.055 X 10 - 3 - 15.12 - 3.5 = -18.636

3rd term - 8.916 X 102 + 56.302 - 599.00 = -542.6

-2
4th term - 3.185 X 10 + 157.626 + 382.14 = +539.79

99(1.50) = 321.2

1st term M 3.515

2nd term - -18.636
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3rd term - +542.6

4th term m -539.79

gA2 (l.5) - 151.56

Using gE(1.50 ) and gA(i.5 ° )

(gF2 (1.50) + gA2 (1.5°)) 472.76

From equation 35

Var 0/~ 1 .501 No 2 2
2EA 4.7276 X 10
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APPENDIX B

Program Flow Diagram

IVOIS6
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APPENDIX C

Program Listing]

C 0
C ' PROGR&M CONOEN
C 4
C r THIS PkOGRAM PLOTS THE PROBALITY
C 0 DENSITY FUNCTION OF THE ANGLE
C 0 OFF SORESIGHT FOR A CONSTANT TARGET *

PROGRAM MAIN
C THIS PROGRAM SIIMLATES THE SUFFICIENT STASTI4

INTEGER NR, tNs, N-
REAL ANGL ElTHETA, GPAT GPATAOGPAT5,GPATl,&PAT2t PIP PHI
I ,OEGSSETAANEAN,SNEINPVAIVAR2.SNCSTFtOCC(SC,3S1,SORT(33)
2 , EST9 VAULL SNHiSUM 2,EST19 EST 2tAvNSOX(561) t MNU(531
3 ,ErA(561~tpos(561),3ox(561),DUMH(55),ALPH%(I5)
4 ,R(1USIX1,X2,0NEANI53),8VAR(53),X(33),E33),o~.G
5 VENEANCVAR

DOUBLEPRECISION OSEED
DATA ANGLE,TNEFA,GPAT ,GPA1A,GPAT8,GPATIGPAT2 ESrtI

I I PHI pVGULL, SfIv ISUM 2PESTiEST 2pOEG9 M, AMEANDINEtH tVAtRI VAP2
2 ,SNCqSTFXI,32,A,OPG

CALLPLOTI (ID. iit)
CALL PLOT(lo,-LI.,-31
CALL PLOT12.,S.5,-3)

NBuS3

DO III mD 0

150 CONTINUE
00 1le I1S5
00 105 J*1930
OCC(IJ)uS.6

105 CONTINUE
10S CONTINUE

00 111 1.1,53
ALPHA () age

DMEAN(I)sI.0
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N4HU (1) Be I
III CONTINUE

00 I15 Xal,33

115 CONTINUE
DO 123 InI,561
ETA (Zlu$*S
POSIZInl

HBOX(I)S3l
121 CONTINUE--

DSEE~zIZbbS?.03
Pla3.141592654
CALL FNEEPI,AN;LE,TH!IA,GPAT,GPATA,GPATB,GPAT1,G2AT2
I SUNISUW2,1511,EST2ETAPOSNSOXNA)

00 130 Kal,50
EST=U. S
BETAm~ol

SNRa(LOGLSD(1lC3/STF"*2.g3 )'lo.
DSEEO.OSEEO*FL OAT (K)
0O 125 18-30933,2
SORT((I+32)/2 uFLOAT(I)/IG*0

125 CONTINUE
00 12S 121,30
X(I)mSDRT(Ii
SORT(Ila(SORT(I.1)-SORITII) 12.3.SORT(I3 4

128 CONTINUE
CALL ERID (MR, ANGLE, THETA PPAT PAT A,GPATS, GPAT10 t r2
1 R,X1,92,DSEED9EST,VNULLPI,POS,DX,PMI,RLPHAkMEU4,8MEIN

2 ,YARIIAR2,DoIIN,SNC ,STF,NAN9 ,NC ,9ETADNEAN ,UVIt,4sox,HNU)
00 40 Ix1,53
IF (OUM"(I) *GE@ SORT(30)) THEN
OCCfI.30lvOCC(I,3J) 41.6
SOTO '.3b
ENDIF
DO 420 JzI930
IF (DUNN(I) eLE. SORT(J33 THEN
OcC(IJ)fOCCIJ) .1.3
SOTO 4.34
ENDIF

4.20 CONTINUE
4.30 CONTINUE
4450 CONTINUE
139 CONTINUE

0O 4.65 Lu1,90
ENEANxS.3
CVARxD.0
DO '.71 HaI,30
ENEANxOCC(LgN) f50.USORT(N).E)IEAN
CVAR.OCC(L,M)ISi.0'(SORT(H)"42.C).CVAR

473 CONTINUE
CVARuCA-EEAN*2.
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PRtINT' IFT5,A,f23,!5.2,T33,AIIITl3,AT29,I2//

2 ?9,AflIA,TSI,f5. 2,Tiu1A/T9,A,T21,I2//n I,

3 @SIGNAL TO NOISE RATIO o',SNROS,'9AT PULSE',
4 (Llo*HEAN seENEiNvOARIANCE u',CvAR,
9 #FIG PLOT OF THE PROBALMT DENSITY FUNCTION',

* 6 @Of THETA ESTIMATE VERS THETA',
7 @FOR SIGNAL TO NOISE RATIO OFO,SNR,'DO%
I O AND AT PULSE',(L)

* X(31)=-3*

X(32)=G*16*

00 WS Ju1,30
Y(J)aOCC(1,j)ffIoo

455 CONTINUE
CALL AXIS(D.,g.,'THETA,9-,6.,I.,X(31),X(32))
CALL AXIS(3.,3.,0P(THETA)%*S$94.,IS.,Y(31,Y(32)I
CALL PLOT(U.,D.,3)
CALL LINE(K,Y,300,1,0)
CALL PLOT186000,)
CALL PLOT(B.,-11.,-3)
CALL PLOT(S.I95.5,-3)
00 46O IaIC,5D,1U
00 4S 1,3

a.58 CONTINUE
CALL AXII(@.,3,,'THETAt-,6.,I.,X(31),X(32)) *
CALL aXIS (3.,I.,'P(THETA)',.+69G.,4*Y(3iI yY(3Z)I
CALL PLOT(C.,$.,33
CALL LINE(Xlpyt, 1, 0,0)
CALL PLOT(U.,,,3)
CALL PLOT(oot-i1.,-3)
CALL PLOT(S.O55-3)

461 CONTINUE
CALL PLOTE(N

48I CONTINUE
END
SUBROUTINE IERID(NR,ANGLE,THETA','GPATGPATAGrPATB,;Pkr1,6PAt2

I tRoXI, X2t SEEO, EST, VNULL tPIPOS!OXPHI ALP HA,NEI, RHEIN
2 ,VAR1,VAR2,DIINSNC ,STFNAN93,NCSETA,DISAN ,SVAR,MBOXMHU)
REAL POS(NA),SSX(NA),UUMN(NS),ALPHA(N9),NHU(NS)
1I RCNC),DNEAN(ND),UVAR(NB),NBOX(NA)

CALL XPAT(NR,IMGLE, THETAGPATGPATAGPATBCPATI,5PAT2
I RX19,2,SEEDEST,VHIJLLPINCSTF,A)
00 13S I.1,5BD
*OXn.sioxmn.1(GPATI*4,GPAT..22SE-2)GPAI'EI.6PA2X2)
CALL ERROR(POS,BOX, PHI#VNULLPNA)
ANGLEzPHI
CALL ESTAN(ANGLEPPI)
ALPHA (2) mANGLE
ESTwANGLE,
DE GaES I
CALL ANOEG(DEGPPI)
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DO 148 X1149
-CALL XPAT MR$ ANGLES THETA SGPAT96PATA SPATS, SPAi,spa r 2
I R.~X2.OSEEOESIVNULLpINCSltAI
DO 138 Nsl#560
SOX(N)uNIOX(IN) 1 (GPAT1.'2.GPATZ2).2.g-2)/(GPArj.(t.GPAT2'x3)

136 CONTINE
CALL ERROR(POS#SOXPH3,VNULLPtIA)
ANGLE*PfII
CALL ESTAN(AW6LE,PI)
ALPI4A(IIG!)ANGLE
BETAal3ETA*ALPHA (Z)
EST=BETAfI4EST
DE~wEST
CALL ANDEG(DES,PI)
DUNN (1 +11 uDEG
SNCwX.1
CALL NEVAR (ALPHAS ANEANSNEANVAR19 VAR2SCtouNN,'dS
DNEAN(I.)*9MNEIN
8VAR(R*11 aVAR2
NHU (ILOBNEAN112/V AR2402

140 CONTINUE
RETURN
END
SUBROUTINE FNEcPIANGLEThETAGPAT,GPATAGPAT9,G2AtL,GPAr2
I ,SUNI,SUM2,EST1,ESTE,ETAIPOS,MBox,NA)

C T41lS PROGRAM ESTimArEs THE PHASE ERROR
REAL ETA(NA),P9S(NAlsMOX(NA)
ANGLEal.1
CALL ESTkN(ANGLE,PI)
CALL SDPITCANSLETHETA,GPATGPATA,GPATSPAT1,GPRT?)
SUHlz9PATI
SUN2mGPAT2
00 220 13!-283,289

* ANGLEnFLIATIZ)Illo -- -- --
POS(I.28L)uI
CALL EST*ANALEtPI)
CALL SOPST(ANGLETETAGPAT&PATAGPATGPTGPT21
EST IaPAT I
EST23GPAV2
ETA (I*2SI)m (SUXZ'ESTL-SUN1I'EST2)*22.BE-2

28 CONTINUE
DO 230 2.1,562
NBOX(I)a(ETAIK*l) -ETA (I) 12.I4ETA(l)

230 CONTINUE
D0 21.3 !*1,56i
PDSlI)sPOS(I)/Lcooo

241 CONTINUE
RET URN
END
SUBROUTINE ESTIN(ANCLE,PI)

C THIS PROGRA" CONVERTS DEG TO RAO
ANGLE&ANGLE'SPI #'I
RETURN
ENO
SUBROUTINE SOP4T(ANGLE,TNETAGPATGPAkTA,GPMT~SGP&TtGPAT2I

C TIS PROGRAR CALCULATES THE SUM AND DIFFEIEM^4E AE PATTERNS
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CALL PATT (ItETA, GPAT)

CALL PATT(TI4ETIGPATl)
GPAT~m6P4r
CPATI*GP&T&+GPTB
%PAT~mBPATA-GPAT9

RETURN
END
SUBROUTINE PAT? (TNETA,GPAT)
IF IHETS *EQo 0) THEN
GPAT=1.0
ELSE
CALL SINC(T94E1IGPT)

RETURN
END
SUBROUTINE SIMC fTETA,GPAT)

C 142S PROGRAN FINDS GPAT
GPAT-5IN(b3.S63097.SIM(TET))(433.g19'94I(4s))
RETURN
END
SUBROUTINE %PAT(NR,&NGLETNETAGPATGPATA,GPATB,;Pkir,GPAt2
I ,PRXIX2,OSEE~OESTWNULLPINC,STF,A)

C TNIlS PROGRAM CALCULATE THLE Xl p X2 SIGNALS
REAL RqNC)vSTF
Au 1.3
ANGLE169
CALL ESTN(ANSLEPI)
CALL SDPST(ANGLE,TNE-TAGPAT.GPATAGPATS,GPATI,GPIT2I
CALL NOISE(MRslDSEflD)

00 15 131,133
Xia( (R(!)STF*&PAT1)*2.3E-5.) Xl

151 CONTINUE
CALL NOISE(N~R,,SEE0)

DO 166 1819108 -

X2inE R(t)STF+aPAT2)'A2.IE-4).X2
16 CONTINUE

ANCLEsEST
CALL SOPS? LANGLET'I!TA,GPAT.GPA-.A,GPATUGPATI,GPt2I
VNULLsX1' GPAT2-X2*G PAll
RETURN
END
SUBROUTINE NOZSE(NR ,R,OSEEO)

C TAIS PROGRAM GENERATES A NOISE VECTOR
REAL R(1111
DOUBLE PRECISIDN OSEED
"Rate$
CALL 6GNNL (DSrEOp1MRR)
RETURN
END
SUBROUTINE ERRDR(POS, Sox spNVWOLLfWA)
REAL POSlNA).IBbXIW
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IF (VWULL .6t. sOXgslg)) T"EN
PHISPOS(5S1)
6OTO 266
ENDIF
DO 29 I11566
IF MVULL 9LE. SOXI!)) MHEN
PH IUaPOS (I
GOTO 263
ENDIF

999 CONTINUE
261 CONTINUE

RETURN
END
SUBROUITINE £tCEG(OEG,pD)

C TIS PROGRAM CONIVERTS RADIANS TO DEGREES
OE~aDEGtt5/pI
RETURN
ENO
SUBROUTINE HEVIR(ALPHAANEANUNEA,VRIVAR2SNCDUgPIN9)
REAL ALPIIA(NB) ,OUMN INS)
AMER Hal.0
SHEANXIeI
VARlatel
VAReuV.6
00 135 !IgSNC
AHEANaALPHA (I.!).AMEAN
VARls ALPH1A(,!)**4VARI
SNEA&UUHMI EAN
VAR2aDU"4 I)ffl+VARZ

135 CONTINUE
AREANuAREAR/SMC
VARlsVARtlSNC-A MEAN" 2
BREANanOEANS4:
VAR2wVARl1/SNC-3MEAN" 2f

_RETURN.....-. . . .--

END
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C a
C * PROGRAM VELHV
C
C f THIS5 PtOGRAN PLOTS TNE ESTIMATE
C v ANGLE OFF BORESIGHT POT A
C 6 MOVING TARGET
C
C

PROGRAM RAIN
C. THIS PROGRAM SINULATES THE SUFFICIENT STASTIw

INTEGER "RHA909IN3
REAL ANGLETNErA,GPAT,GPATA,GPAT3,GPATIGPUT2,PIPNI
I ,OEGoOETA,AI4EAN,BNEIN, VARIIVAR2,SNC,STF,VEL
2 5ESTYIIULLS3N1,SUN29EST1,EST2,ANB3OX(561)5 mHU(531
3 ,ETAISfil ,POS (561) ,SoK(561),OUI(531 ,ALPHA(53b
4 ,R(13I),x1,x2.D14EANtg33,BVAR(53),X(53),Y5S3)
5 ,SNR
DOUSLEPRECISION OSEED
OATA ANGLEirtfErA,4;PAr ,CPATAGPAT8,GPA1-gEPAT2,Esr,PI

1 t HI ,VULLvSHI5U42,ESTIq EST 2DEGSET,9MEANBE449 VARI,VYAR2
2 ,SNC,STF,XIK2,A, VEL

CALLPLOTS(0..I,92)
CALL PLOT(S.,-ile,-3)
CALL PLOT(Zaq?&S,-S)

NCuIUS
0O 111 1819196
R(I)zO0'0

101 CONTINUE

ALPHA qI)u0.C.
DUHN1(I)aI.e
DREANCI~aD.o
BVAR(flaloD
KHIJXI~uU.

X(IDaD.U
110 CONTINUE

00 120 1219961
ETA (1) ir* 0
PDS(Dmus.U

121 CONTINUE
OSEE~u12bk57.0I
PI=3.141592204
CALL FNE(PIANGLETHE1A,GPAT,GPATAGPATB,GPAT1,GAT2
I ,SUImi.SUN2,ESTIEST2,ETAPOS,1480XNA)
00 131 1.1,5
ESTu~os
BETAxle6

SNRa(LOCliS(I.UeISTP' 5 2.U )011.U
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CALL ERID (MR, ANGLE, THETA 96PATVGPATA qGPATB ,GPAT1,;PAFZ, VEL
1 ,RPxIEZDSEEO,EST,VNULLtPIPOS,3OXPHIU.PIAANEANOWEAN
2 ,VARI,18R2,DUNH,SHC,STF,NANS,NC,SETA,DNEANvIVRENSOX.NHUJ
PRINT' ,TIAgf2S,FI.2,T33,AI /T13,AT3Ix,T44I.,sr6,I2/I

I T1AAOvI~tz, tF1@.272/z,,/ gATj7,P'f~g z~orzz2a41fn'
3 9*SRCNL TO NOISE RATIO uoSR,*O90',AT I*h) PULSES991,2SSC.
4 OEST1144TE - s',D0NN(1)qDUHH(29)pDUWNI5U),
9 @FIG PLOT OF ESTIHATE FOR SIGNAL TO NOISE'
6 ,'RATIO OF**SNR**DS AMC) A MOVING TARGEt.'

138 CONTINUE
END
SUSROUTZIE ERID(NR, ANGLE,THETA, GPAT,GPATA, GPITS,;PaT1,GPAr2,VEL
I ,RxllK29DSEEO,ESTIVNULL,posBOX,PHI,ALPHA,kNE4N,9"E&N
2 ,VARI,VAR2,DDNM,SNCSTFNANSNCS3ETA90OM.ANSV&RtxtmlsOXtNHu)
REAL POS(NA),IOX(NA),CUNN(NB),ALPHA(NB),NHU(NB)
I ,R(NC),ONEAN(N9,VAR(NB3,XINB),NSOXPNIA
VELDI. U
CALL XPATINR,ANGLE, THETAGPATGPATAPGPATBGPATi,;PAT2
I ,ftxix2,DSEEOESTVNULLPINCSTFAVEL)

00 135 19,61
DOX(I)uN3OX(I)J((GPATI'#2.GPAT2'*2).2.SE-2)/(GPAT19gI.GPAt2'X2)

135 CONTINUE
CALL ERROR(POSfBOX, P141VNULLNS)
ANGLE=PHIt
CALL ESTAN(ANGLE,PI)
ALPHAQ()&ANGLE
ES TvA MLE
DEGuEST
CALL ANDEG(OEG,PI)
DUNN( I) SEG
DO 18.1 12195.9
VELuFLDAT(I)*1.8
CALL XPAV (MCZ. %Gl.tTHETA SPAT, GPATASPAT$, GPAT1,GPA r2
1 pRqXI,12,r . tpvESTvVI9LLvPIpNC,STFAIvEL)

DO 138 Naloott
3OX(N)3NSOX(h.AaI1$9AT1"*2cPAT2.#2).2.3E-2)/(GPAritg1+GPAr2'X2)

136 CONTINUE
CALL 'ERROR (PoSO (, PHr,VNUL,,NAJ
ANGLEwPHt
CALL ESTAN(AN;LE,PI)
ALPHA (I*21=At4GLE
ESTmEST 'ANGLE
DEGuEST
CALL ANDEG(UEGSPI)
OUHNo(1415 ROES
SNC=I.1
CALL HEVSR (ALPHA AN EAN AREAM# VARlp VAR ZSNC Oug943q
OHEAN 1I*1) U SE IN

"HU(I*i)s9NEAN**2/V R2**2
X(I*I)uI~1
CALL LDO(YeaUMmNstB

V 151) -30
X(9z1u51./s.
V 152) uS. p8.
CALL AXIU(3.,3.,'NUHSER',-SI.,6.,X(51),X(52)3
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CALL AXZtls(.24.,NEAN VAR X,35.9.YS)Y5)
CALL PLOT480#I.,3)
CALL AIS,2,e5N~v~,g5.g.v5)Y5D
CALL PLOT(ot3..3)
CALL PLOT (U.,2.,-31
CALLLtE(,,,1,S
CALL PLOV(l.,3.,3)

-.CALL PLOT(l~ots-lie,-3)
CALL PLOT(I.,?.5,-s) -------

15.3 CONTINUE
CALL PLOrE(N)
RETURN
END
SUSKOIJT14E PN(lG~TE~GAgGA~GAItPtgPT

I ,SUNISUN2,ESTI,EST2,ETAPOSWUOXNA) I
C THIS PROGRAMH ESTIMAtES TH4E PHASE ERROR'

REAL ETA(NA)vP*S(NA),"SOXfNA)
ANGLEul.1
CALL EST&N(ANGLE,PI)
CALL SOPiT (ANGL ETHETA 9GPAT, GPA TAGPAT,,GPATIGp4 ret
SUNIMSPATI
SUN2sGPAtt
DO 223 I.-286#283
ANGLEzFL9AT (P I~fl.
POS(1.28L)ul
CALL EST&N(ANLEPI)
CALL SDPAT(ANGLE,TNETAGPATSPATAGPATDGPTIGPIT2I
ESTlw&PATl
EST2=GPAT 2
ETA(I,261)u(SUN26ESTI .SUN1'ESTZ)*2.SK-2

221 CONTINUE
00 231 2.1,563
1NUOX(Ila(ETA(1#1)-ETA(I))/2o6*ETA(t)

233 CONTINUE
00 25.5 Is1,561
POS(TI)POS(I)/Loo1,3

24.0 CONTINUE
RETURN
END
SUBROUTINE EStN(ANGL!,pi)

C THIS PROGRAM CONVERTS DEG To RAO
ANGLEUAN9LE*PI f160
RETURN
END
SUBROUTINE SOPAT(ANGLKTHETAGPATGPATAGPmFBGPIVIGPAT2)

C THIS PROGRAM CALCULATES THE SUN AND( OIFFEUN^E AE PAtTRNS
THETAmANGLK..I 215954.595
CALLUPATT("rPT
CPAALLP1(AGPAT
THETAsANCLE-eS 21598 5.5.
CALL PATT(THET4,GPT)
GP ATBS.GUST
GPATIUCPATA4GPKTB
GPATZ.CPATA -GPTS
RETURN
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SUROUThNE PATT(TNETA,RPAT)

If (THET& ofO. fi) THEN
GPATuL*4
ELSE
CALL SZWc(TNETAGPAT)
ENDIF
RETUIRN
END
SUBROUITINE SINC(TNETA,GPAT)

C TMIS PROGRAM FINDS GPAT
GPAT=SIld~i3.@13I97I5IN(JN4ETA))/('#3.O53I99T*SI(THETAI)
RETURN
END
SUBROUTINE XPAT (NR, ANGLETNETa, SPAT ,GPATAG6p9sGPari, SPATE
IRxIK2,DSEEDEST,VWJLLPINCSTFAVELJ

C THIS PROGRAM CALCULATES THE XI 9 K2 SIGNAi.S
REAL ft(N:)fSTF
AaI.0
ANSLEuVEL/IS.U-2.0
CALL ESTN(ANGLEPI)
CALL SOPAT(ANGLETRETASPATSPATASPATU,GPATI,GPA TED
CALL NOISECNR,R,DSEEO)
X18868
DO Igo 1.1,161
Xlu((R(X)'STF.GPATI )*A*2.oE-A),4XI

159 CONTINUE
CALL NOISE(NR929OSEED)
X2=8*9

X~s( (R(I)*STF.SPATE)'A'2.@E-.)4X2
160 CONTINUE

ANGLEvEST
CALL SDPA.I(AN;LETIET U,;PATSPATA,SPATB,;PMftGPAT2I
VNULL=XIPGPAT2-X245 PATI
RETURN
ENDI SUBROUTINE NOIE(NkR,DSEED)

C TRIS PROGRAM GENERATES 'A NOISE VECTOR
REAL R4111)
DOUBLE PRECISION OSEEIJ

CALL GSNNL (OSEEDNRRI
RETURN
END
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SUBROUTINE ERROR(POSUOXPHIVN.LLPNA)
REAL POS(NA)999X(NA)
IF (VNUILL 9GE* BDK(9605) THEN
PHIRPOSIIII)
SOTO 268
ENDIF
00 255 1819569
IF CYNULL *LE* BOX(I)) THEN
PHI=PDSgI)
SOTO 261
ENDIF

250 CONTINUE
266 CONTINUE

RETURN
END
SUBROUTINE ANDEG(DE, fI)

C THIS PROGRAM CONVERTS RADIANS TO DEGREES
DE6mDEG6'SU/PZ
RE TURN
END
SUBROUTINE NEVSR(ALPHA,AMEAN,BNEAN,yARIVAN2,SNC.DJNM,NB)
REAL ALPRA (NB) ,DUHN (NS)
ANEANE U.
BMEANalol
VARlsfol

DO 135 IulSNC
AMEAN=ALPHA (1.2)+AgqEAN
VARls ALPHA (Z.)24VARL
BMEANzDU4H(I) *BNEAN
VAR2.DUM4(I )**lVAR2

135 CONTINUE
AMEANuA9IEAN/5 NC
VARInVAR*/SNC-S MEAN*02
BNE AN. HE AN /SN
YAR2vVARZ/SNC-9MEA4*'2
RETURN
END
SUBROUTINE LOI V,ijIIHN N)
REAL VWBO),OUMM(NB)
00 278 1.1.51
IF (DUMM(I) *LE* -3.5) THEN
DUMM(I)Z-3.0
ELSE
DUMM(I)UUmM(I)
ENDIF3.)TE

CONTIUEM G* 9)TE
REURIE)30
ELSE
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C
C
C PROGRAM CONM
C
C T HIS PROGRAM PLOTS THE WEAN ,VARIANCE, P
C * AND THE (MEAN VARIANCE)SOUARE FOR Al 0
C ' CONSTANT TARGET
C
C

PROGRAM NAIN
C THI1S PROGRAM S116LATES THE SUFFICIENT STAST!:

INTEGER ARtNApMI,NC
REAL ANGLETHETA, GPAT,GPATA, GPATU, GPATI, GPAT2 ,Pi, pH
I ,DEG,SETA,AMEANPBNEANVAR1,VARZ,SNC,STF
2 ,ESTVNULLS$iHsuN2,ESTl,EST2,ApmSox(siBVHU(5Ss
3 ,ETA(Sbi),POSSI)gox(Sbl),DUMN(SS)JALPHA(Slo

P R(13l).XIX2,DHEANI5R),SVAR(53),X(53),Y153I
5 qSNR
DOUBLEPRECISION USEVO
DATA AkNGLE,THETA,GPAT,GPATA,GPAT,GPATI,GPAT2,Esrp[

I. $PHIWUVULL9SUI,9S UMaEASTIEST2 OEG9 EAAIEANSNEAH VARI ,VAR2
2 ,s14C,sfrFtx1,2A
3,muemumgm,,SIouusue,,eogaa
CALLPLOTS(U.,U.,9)
CALL PLOT (le,-LI.,-31
CALL PLOr(tet7.59-31
NAuSbl
NWuS
"Gallo
00 100 181,110
R(I)al'eo

Igo CONTINUE
00 111 1.1,93
ALPHA(13u0.g
OuWmmeZal.1
OMEANMflu.6 -

9VARI)=U.3
NHU(I)so*.8
X(I)Xles
X(I)slie

110 CONTINUE
DO 12S 1*1,561
ETD(I)w6.U
PDS(I)m*.
B0X(I)*sel
maox(I)SO

120 CONTINUE
DSEEO1l24457901
PIZ3.141592694
CALL rNEIPi.ANGLE,TI4E1A,GPAT,GPATA,GPATN,GRATI,G'A12
I ,SUH1,suN2,pESTI,EST2,ETA,POS,HSBOXNA)
X6JZY6SSlS5H?! 3RX6
ESTaI.O
BET A. U *
STFut - -
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CALL EAIS IMR, A xLE,THETA, GPAT, GPATA,GPATB, GPAT1,;p a r
1 ,RXIK1,OSEEO, ES itWLL 9PI, Post BoxPI APHA, %EA NSNEkt
2 ,VARIVAR2,OU9IHtsNc,srFNItwBNC,IETADNI!ANSvIRKNBOx,NHu)
CALL LDO(YONEIN,NS)
X (31)u3.

X(52) m5,*f

CALL AXIt(S.,3.,oNUMBER,-I,5.,C.,X(51),X(52))
CALL RIS(ee-leglREAN VAR X%#*10,4a.98eyISIIy(5MP
CALL PLoM(.99.,35
CALL AXIS(5 09-re OEANSOVAR I-1,4.,09.Y fI),ly(52)
CALL PLor(t.pI.,3)
CALL PLOM(S.-29,-3)
CALL LINE(XI,3U1,0,6)
CALL PLOM09.,3.3)
CALL LOPYSVAANS)
CALL LZME(X,Y,Sf,l, 5,4)
CALL PLor(larg.,3)
CALL LO0(Yqt4UfN8)
CALL LINE(XYq5l,1,5,1)
CALL PLOT (0 a t a 3)
CALL PLOr(MisB-1±. ,*3)
CALL PLOY (lfv?95,-3)

I TT19, If,F1O.21T3/l,ATI,A.,F3,F104st,rssi~t

2 T2,A,FLD.2,FiO.2, Fig.2///T3,A,T38,A/Tlm,AT36,r5.2,r~AA/lo
3 @SIGNAL TO NOISE RATIO *',SmR~,'At (I) PILSES0929,Z5tv
4 *MEAN - zl,DNEAN(2),ONEAN(251,DNEAN(5l),OVARIANCE X mg
5 BSVAR(E),BVAt(25) ,BVAR(SO)PO(MEAN/VARIANOE)SOURE 0 m
6 ,MNU 12),HNU(S),M HU (50) p FIG PLOT OF MEAN, VA114NCE &NO (0,
7 ONEANIVRRIANCE)SOU ARE,@FOR SIGNAL TO NOISE RATIO OFqSN1,09'0

130 CONTINUE
CALL PLOTE(N
ENO
SUBROUTINE ERI0(NRANGLETHETApGPAT,cPATRGPAT9,sp~r1,GPAt2

1 gR,Xl,X2,DSEED,EST, %NULLPIqpoS,8OX tPHI 9 LPHA, MEANB4EkN
2 ,VAR19YAR290OtIMSHCSTF, NA,#NBNC #ETA90MEAN BVI,X, "Box$,HU)
REAL POS(NA),BOX(NA),CUMM(NB),ALPHA(NS),MNU(NB)
I ,R4NC)OOEAN(NO)IVAR(NB),X(NB),MBOX(NA)
CALL XPAr(NRAIGLE,TNETAGPATEPATAGPATBGPATI,;Par2
I ,R,Xi,V2,DSEED,EST, %NULL,PI,NC,STF,A)
00 135 Isl56C
uOX(I).NBtDX(I)'((G.AT1.'2.GPAT2**2).2gE-2)I(GPArt'EI4GPAr2'X2I

135 CONTINUE
CALL ERROR(POSIBOX,P4 3VNULL,NA)
ANGLEmPRI
CALL ESTAN(ANGLEPr)
ALPHA(2) ANGLE
ESTzANGLE
OEGuEST
CALL ANOEG(OEGPX)
OUNNm(1)OEG
PRINT *9 4EST a 69OEG
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CALL XPAr(WR,AikGLETHETA,GPAT,GPATA,GPATI,GPAT1IP3T2
I 'OR# Xl129 SE ED pEST, VWULLtPINC#STF, A)

00 138 04*19565
IOX(N)uN3X(N)P((GPAT2GPT22)2.I[-2J/(GP~f11PATZX~2*2)

124 CONTINUE
CALL ERRORIPOS9IOX, PHI VNULLONA)
ANGLEEPHI
CALL ESTAN(ANGLEPPI)
ALPvA(I)ANGLE
WTAwSETA#ALPNA (1+2)

(3tOMT*?I tEST

'we,.'v

,sit O10 EALPUApAEANSNEAN, VARlqVAR2lSNC Dummy '43)
"Q&4Wt J* Oft&UN I

los cowtow @fWA2~

two, *I.

C lNIS PSO9&06 01-0#91 Iftf PsASE ERROR
REAL ETA fto.vo-s d-w0- s1
ANGL&@.#
CALL ESTNIA9,'i0
CALL S0P4T4Aft;Ll.''#'. -. .'..~.PLG~2
SUIiuGPAtI
SUN2=GPAT 2
DO 220 Is-PGSISS
ANGLE=FLDAT (1) 110. 1
POS(I+Zs13 I
CALL ESTAN(ANGLEpZ i
CALL SOPATC(ANGLE, T4ETAGPAT,6PS TO. e."- 4p p~
ESTI=GPATI
EST~zGPAT2
ErA(r.26t1.(SUN20ESTI-SURI'ESTt1*t.P -I

221 CONTINUE
00 230 1.1,563l

230 CONTINUE
00 21.0 Izl1,EI
POS(IIwP0S(I)flLO.sl

24.0 CONTINUE
RETURN
END
SUBROLITIOE ESTWNANGLEPI)

C THIS PROGRAM CONVERTS DEG TO RAO
ANGLE=AN;LE*PIf18O
RETURN
END
SUBROUTINE SDPAT (ANGLE,YNETA,GPAT,GPATA,GPATI,GPATI, &PAT2)

C TRIS PROGRAM CALCULATES THE SUN AND uIFFEREN;E AE PATTERUS
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THETAuANLE*ltS96449S
CALL PAIT(THEtA, 6PAT)
SPATA&CPAT
TH1ETAuANGLE-42 1595*499
CALL PATT(TmETACPATI
GpATeuGpAT
6PATl=6PITA*GPAT9
GPAT~uGPkTA-gPkTB
RETURN
ENO
SIUROUTINE PA~7 (THETA ,PAT)
IF (THETS *EO. 0) TH4EN4
GPATwl*0

* ELSE
*~~CALL 51Nt:(THETAGCPA.T)

END
$USRUTINE SIND(THf1AGpAT)

C . 141 PlOGrAh FIMMS GPAT-
GPATaSKN(43.493197P0SIN ttNETA))I* (3*Og3$9f*SINtTErAl I
RETURN
END
SUBROUTINE XPA7CI4R, ANGLE,rI4ETA,GPATCPATAGPATB,;Pkr1, GPAT2
IRsKiUO2pSEEDEST, bNULLPI,NC,STF,A)

C T1IS PROGRAM CALCULATES THE X1 , X2 SIGNALS
REAL R(NC),STF
AuI.O
ANGLEvieS
CALL ESTkN(ANGLE,PI)
CALL SDPItT(ANGLE,THETAGPAT,GPATA,GPATB,GPTIP12
CALL NOISECNR, lDSEED)

00 1s$ ixitiog

131 CONTINUE
CALL NOISE(NR#R,DSEEO)
X2u.0
00 lit 1819111
X2u((R(II s$TF.&PATE)*2.IE-. 4XZ

16 CONTINUE
AMGLE*fST
CALL SOPAT (ANGLE TH 97A,GPAT,GPATA, GPAT8,GPATIPGPkT 2)
VNULLX*l*PAT 2-XZOG PAT1
RETURN
END
SUBROUTINE NOR 3E(NR ,R, OSfEO

C THIS PROGRAM GENERATES A NOISE VECTOR
REAL R(191)
DOUBLE PRECISION DSIED)
"Rest$
CALL GGINRL (DSEED,4*,*)
RETURN
END
SUBROUTINE ERRlRfPOSt9OX,#PI*VMILLvA)
REAL POS(NA),SIX(NAI
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IF MUNILL *GE* GOMM)II THEN
PHZWPOS 4351)
SOTO 369
ENDIF
Do 250 231,563
IF MVULL .LE. BOXCIll THEN
PHISPOS (K
SOTO 269
ENDI F

250 CONTINUE
260 CONTINUE

RETURN
END
SUBROUTINE ANDtGtDRGqPI)

C THIS PROGRAM COMVERTS RADIANS TO DEGREES
DEGvtOEG3 tlS/PI
RETURN
ENO
SUBROUTINE HEVkR(AL PHA ,AMEANSNEANWAR1,EAR2,SHcoI4HN6)I
REAL ALPNA(49) OUNM (48)
AMEANz I.
8MEANUl.l

VARZRIGG
DO 13S Iz1,SN.
ANEANuALPHA (I~tl.ANEAN
VARi. ALPHA (IZl)**2#VARl
BMEA~xOUIH( I)*SlIEAN
VAR2OUN(I 3"!.VAR2

135 CONTINUE
*HEAMMAREAMISN.*
VARlmuVANI /SNC-R MEAN3' 2
ONEANUnOEANISNC
YAR2zVARKISNC-BHEANv*2
RETURN
ENO
SUSROUT14E LDD(T,I3NEAM,NS)k
REAL Y(NS9)90NEIN(NBI
DO 270 ta1,50
IF (DNEAM(I *LE. -3.8) THEN
DHEAN(IM-3.9
EL SE
DNEAN(!)sOMEANtl)
ENDIF
IF (DNEAM() @GE. s.0) THEN
OMEAN(I)x3*0
ELSE
DHEAN(IlsDMEANII)
ENOIF
V (fluDNEAN(I)

27I CONTINUE
RETURN
END
SUBROUTINE LOPI Y,BVAR ONR)
REAL Y(NS3,YAR(81
DO g6s 1*1,50
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IF (OVARCI) 9GEe 3.3) THEN
SYARMS~309
ELSE
SVAR(I)33V11(Il
ENOIF
V(I)=BvAt(Z)

260 CONTINUE
RETURN
END
SUBROUTINE LDQ(V,NNUNDJ
REAL T(NB),HU(NB)
00 41U 131,50
IF (MHUMK *GE* 3.3) THEN

ELSE
HHU(flsolbIUM!
ENOIF
Y(I)SNHU(!)

0#1U CONTINUE
RETURN
END
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C.
C.'
C * PROGRAM VELOEN
C
C T fHIS PRtOGRAM PLOTS THE PROSALITY
C ' DENSITY FUNCTION OF THE ANGLE OFF
C B ORESIGHT FOR A MOVING TARGET
C

PROGRAM MAIN
C THIS PROGRAM SIHILATES THE SUFFICIENT STAsrI;

INTEGER NRNAfNSNC
REAL AN'aLETHErAGPATCPATA,GPATS,GPATIGPAT2,PIPHI
I vOEGq9ETAqAHEAN9SHE ON VARI 9VAR2fSNC ISTF,0OCC (sop soloSORT (331
2 ,ESTYIULLSDMlSUM2,ESTIEST2,AMS3OX(561),NHU(53),VEL
3 ,ETA(561),POS(561)990x(II1)PDUNM0(53) ,ALPNACSS)
5. *R(100 1X2,DN0EAN(53),BVAR(53),X(33J .1(33) ,Oit
5 VEHEAN,CVAR
6 ,SNR
DOUSLEPRECISIOM OSEED
DATA ANGLETHErAGPATGPArAGPATmGPAT1,GPATZ,ESt,P[
I ,PHIVIULLSOIHISUM2,ESTIEST2,OEGSETAM4EANSHEANVARI,VAR2
2 OSNC,srF,x1.12,A, ORGYEL

CALLPLO075(40 , I'
CALL PLOT (6*9-1L..-3)
CALL PLOT(20,5650-3)

N~u53

00 100 1219135
R(I)xo.U

163 CONTINUE
00 138 Z1950
00 105 Jv;1930
OCC(IJ)zo.U

105 CONTINUE
166 CONTINUE

D0 ill 131,53
ALPHA(I)sI.S

DMEAN(I)21*0
OVAR(I)mI.I
MHU(I)w9.O

Ill CONTINUE
00 11S 1933
SORT(I )mU.5

115 CONTINUE
0O0 to1,561b
ETA(l)=090
POSIlms.0.
soxtI)mI~l
HBOX(I)wU.I

120 CONTINUE
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DSEE~mI2b4u57*01
P1.3. 141132654
CALL FNE(PI,ANrLE,THEIA,GPAT,GPATAGPATS,GpATI,Go3Uz
I ,SUMISUN2,ESTltEST2,ETAPOSHSOXNA)
DO 133 Kul,5l
ESTuD. I
SETAwleU
ST,.,0
SNRa(LO6III1O3STFS*2.a) )*10*g
DSEED*DSEED4FL DAT (K
0O 125 13-30,31,2
SORT I(I+32)/2) uFLOAT(I)/16o0

125 CONTINUE
00 12a IsI93.
X(I)sSORT(I)
SORT(I~.(SoRT(I+1)-SO;Tqz) 12.I*SORTII)

126 CONTINUE
CALL ERIONR,ANGLETHETA&PAT,&PATA,GPAT,GPAT,;Pkr2, VEL

1 ,RXlK2,OSEEOpES,%NWL.,P,POS,OX,PItm.P4A,pgEN"g,4Ek
2 1 VARIUWAR2DUMlNPSNC oSTF9 NA,9NO ,NC IETA,DNEAN VA R, -193X, MHU)

IF (DURM(I) 9SE. SORT(38)) THEN

ENDIF
DO 420 JuI,38
IF (OUWM(l) sLE. SORT(J)) THEN
OCC(Il'~OCCtJ)+.1.1
SOTO 430
ENOIF

420 CONTINUE
431 CONTINUE
4a40 CONTINUE
131 CONTINUE

DO 480 VL*,50
EMEANaI.I
CYARUS 6O
00DO NzI,131
EMEANaOC^.(L,N4) f5I.ISOR (N)+ENEAN
CVARBOCC(LHI#54.O'(SORT(NJ'*2.tJ*CVAR

470 CONTINUE
CVARBCVAR-EMEAN**2o@
PRINT@ (/fT5,pA 9T2SF5.29T33,AIIT13,A,T29,12//
I T15,A,FlO.2f9Tl1,A,FjO.2/l/T2,A/
2 T9,AIT6,AgT3IF5.2,T41,AIT9,AT21,I2ufl ',
3 *SIGNAL TO NOISE RATIO 909SNR90'08 AT PULSE@#
4 (L),'NEAN *',EMEAN,'VARIANCE u',CVAR,
5 #FIG PLOT OF THE PROBALITY DENSITY FUNCTION@,
6 @OF THETA ESTIMATE VERS THETA#,
7 &FOR SIGNAL TO NOISE RATIO OFO,SNR,'O8'R,
8 *AND At PULSE', EL)
X(31)u-3*

DO 455 .'1
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WS CONTINUE
CALL AI(.UTEA,5I,.X3)X3)

CALL PLOT(6.,fl.,3)
CALL LINE (WiT3U,1Is$,o)

* CALL PLOM(I.,S.3)
* CALL PLOt(U..11.,t3)

CALL PLOT(6*#.S.J-3)
00 460 Iu15,58,IS
00 450 Ja*31
Y(JAuOCC(!,j)/§§oS

451 CONTINUE
CALLARS.,,T4T,56,.X3J(3)
CALL AX!S(3.,5.,pP(rT4ETA3',46,4.,qa.,y(3tIgrv(32)
CALL PLOT(S.,S.,3)
CALL LINE(XV,3O,1flO)
CALL PLOT(O.,I.,3)
CALL PLOt (009-I1,9-31
CALL PLOI(6.O,505,-3)

463 CONTINUE
485 CONTINUE

CALL PLOrE(Nl
END
SUBROUTINE ERIC MR, ANGLE, THETA9 GPAT pGPATA t PATOP8,tItGPAr2tv EL
I RXIE2,OSEE~OESTVNULLPZ,POS,90Xp141,M.PHAAMEANSMERN

2 ,VARIVARZ,01594#4SNCSF,NANS,Nc,SETA,DNEAN,BvARWBOXW4U)
REAL POS(NAI,9GX(NA?, ClJHfN),ALPHA(NS),MHU(NB)
I ,R(NC3,ONCAN(NSI, SVAR(ND),NSOX(NA)
VELateI
CALL XPAr(NRASGLETHETAGPATGPATACPATSGPAli,;PAFZ
I ,R,Xt,92,OSE ED, EST, VMULL sPINC,STF, AVEL)
00 135 ZZl16C
eox(Ill9OXI)'ffGPAT1'.2.;PAT2"02)'2.3E-2),(GPAr1lK#l6PAt2'x2)

135 CONTINUE
CALL ERR*REPOS,BOX, P"ItVNULLNA)
ANGLE&PRI
CALL EST&N(ANSLE,PI)
ALPHA (ZANCLE
EST&AI LE
DECZEST
CALL ANDEG(IDEG,PI)
DUNM 1)in=DE;
DO 143 I31,a.9
VELmFLOATIl )4.l
CALL XPAT(NRINGLETMTAGPATGPATA,GPAT5,PAT,SPkt2
1 ,REI,12,DSEEOESTVNULLPINCSTFAVEL)
DO 135 Nul,Sbt
30X(N).NSOX(N)'(tGPAT1"02.GPAT2"*2)'2.gE-2)/(GPAr1'E1.&Pkr26X2I

138 CONTINUE
CALL ERROR(POSSOXPHIVNULLNA)
ANGLEuPNI
CALL ESYN(ANGLE,PZ)
ALPHA(I~t)aANGLE
ESTOEST 'ANGLE
OEISUEST
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CALL ANOE6(IOE&OPI)
DUNII(Z41) SDEG
SNCuz .1
CALL NEVAR(ALPIIAAPEANSNEANVARI,VAR2,SNC.DUHN,4sJ

SVAR(141) .VAR2
HU(141) aSNWAN#2 IV AR249

11.0 CONTINUE
RETURN
END
SUBROUTINE FINE IPI,A NGLE,TNETA,SPAT, GPATA, SPATS, GOATL, SPAT 2
I SUNISUN2, ESTIAST 2 9ETA Post HBOX 9NA)

C THIS PROGRAM ESTIM4ATES THE PHASE ERROR
REAL ETA(NA)tPOSfN4?vNSOX(NA)
ANGLEul.l
CALL EST&NIANGLE,P!)
CALL SOPAT(ANSLE,TETASPATGPATA,GPAt9;PT1,GPAT!)
sUN1-6PArl
SUM2uGPAT 2
00 221 IM-24492S
ANGLEzlFLOAT (I)fll0e1
POS (1428t) zI
CALL ESTkN(ANGLE,PI)
CALL SOPAT (ANGLE, THETAlGPATv SPA TAGPATB#GP*TL ,GPT 21
ESTlwGPAtI
EST2=GPAT2
ETA1*26otI CSUNE*ESTI-SUHI#ESTt)'2.IE-Z

220 CONTINUE
Do 230 ImI9561
M8BOX(I)z(ETA(KG1)-ETA(I) 3f2.P4ETA(ZI

230 CONTINUE
00 2401 *19,561
P05 (I)UPOSM./10SO6f

21.0 CONTINUE
RETURN
END
SUBROUTINE ESTAN(ANGL E9PI)

C THIS PROGRAM CONVERTS DEG TO PAD
ANGLEzANGLE*PI 180
RETURN
ENO
SUBROUTINE S0PIT(ANGLETNETAGPATGPATA,GPATS,GPkT1,%PAT2I

C TIS PROGRAM CALCULATES THE SUM AND DIFFEREN^E AE PATTERNS
THETA*AM6LE..S 215 98 1.95
CALL PATT(THEtA,GPAT)
SP AT A. PAT
THETAmANGLE-. 3215984.95
CALL PATT(THETAGPA 1)
SPATBuSPAT
GPATI*GPATA ,CPATB
SPAT2uGPATA-CPATB
RETURN
END
SUBROUTINE PATT(THETAGPAT)
IF (THETA .EO9 3) THEN
GPATmel~
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ELSE
CALL SIN:I(TMETIGP4r)
ENDIF
RETURN
END
SUBROUTINE SING (TI4EYA,GPAT)

C THIS PROGRAM FINDS SPAT
GP~SN4*?9?SNTEAP(3039*I(HT)
RETURN
END
SUBROUTINE VPAT (MR#ANGLETHETAt GPAT GPATA, GPAISGparto SPATZ
I ,R,%I,KZ,CSEEO,EST, %NULLIPIVNCSTFAVEL)

C THIS PROGRAM CALCULATES THE X1 9 XZ SIGNALS
REAL R(N1,STF

ANGLE*VEL~fl#*1-2. I
CALL ESTNIANGLE,PI)
CALL SDPATCANGLE,TMETA,GPATPGPATA,GPATB,GPATI,GPAT2)
CALL NOISE( NR* RDSEEO)

00 150 Iutlea0
Xw( (R(I) *STF.EPA?1 )'A02.UE-4) ,XI

150 CONTINUE
CALL MOISE(NR*R.DSEtO)

00 160 121,10C
X~a( (R(IJ #STFGPAT2)A2.tta.4.?

160 CONTINUE
ANGLE*EST
CALL SDPkT CANGL E,74 ETA GPAT, GPATA, GPAI 9,GPAfi , GPktZi
VNULLsX1'GPAT2 -X2*GPATI
RETURN.
END
SUBROUTINE NOISE(NRt,R ,OSEED)

C T4IS PROGRAM GENERATES A NOISE VE'TOR
REAL R(110)
OUBLE PRECISION OSEED
NR-lOG
CALL GGNL (OSEEDONRftR)
RETURN
ENO
'SUBROUTINE ERROR (POS, !OX ,PHI ,VNU.L ,NA)
REAL POS(NA)OSX(NA)
IF IWNULL *GE. BOX(9611) THEN
PMISPOSC§51)
SOTO 260
ENDIF
00 251 131,563
IF (VNUL. *LE* BOX(fl)) THEN
PHI*POS(tl
COTO 260
ENiorF

256 CONTINUE
269 CONTINUE
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RETURN
END
SUBROUTINE ANDEGMEU CPI)

c THIS PROSRAN CONVERTS RADIANS TO DERBES
0E60DE641 S9 IP
RETURN
END
SUBROUTXNE NEVAR(ALPHAAiNEANBNEANVAR1,VANZSNCs OUNK tNo)
REAL ALPA (NIB) p DUNN (N!)
AMEANS.Sl

VARIvse

00 133 li#SSNC
AME&I"aALPHA (l*t)*ANEAM
VARls ALPIAlI)**2*VA~l
SNEAN'DUNN(I) tIEAN
VAR2sDUMq(I )*l'2.AR 2

135 CONTINUE
AMEAN*AMEAN/SNC
VAR1UVARIISNC-ANEAN*02
SOiEANuBMEAU/SNC
VAR2zvAR2/SNC-INEAN*' 2
RETURN-,I END

59-22



APPENDIX D

o Constant Target Mean and Variance Results
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APPENDIX E
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